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Male infertility is on the rise. Most providers are familiar with the well-known 
causes of infertility, such as varicoceles. Lifestyle and environment, although 
postulated in having a role in the etiology of male infertility, has not been 
well studied. This book seeks to bring to light the various factors that can 
impact male fertility and sperm function. The editors, Drs. Du Plessis, 
Agarwal, and Sabanegh, have assembled a wide range of experts to contribute 
to this unique text. Topics include epidemiology, the impact of smoking and 
alcohol, obesity, exercise, vitamins and supplements, illegal drugs, heat, 
STIs, psychological stress, electronic devices, pesticides, endocrine disruptors, 
radiation, iatrogenic treatment, and age. These are all areas that have been 
implicated at some time with male infertility for which convincing evidence 
is lacking or conflicting. The editors have done a fine job of bringing together 
all of these varied topics and presenting balanced views of the literature 
regarding their potential impact on male fertility. Each of the editors is well 
known for their contributions to the field of andrology and infertility, and 
their expertise, along with that of their chosen authors, makes this book 
unique. This book should add to the armamentarium of all providers who see 
patients of reproductive age. 
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Male infertility is on the upsurge worldwide, thereby contributing progressively 
more to couple infertility. There is growing evidence supporting causal links 
between the environment, lifestyle choices, general male health, systemic 
disease, and male reproductive health. Due to increased environmental pres- 
sures and unhealthy modern lifestyle choices, this combined set of factors can 
accumulate over time and contribute significantly to adverse impact on male 
reproductive issues. 

With the advent of ICSI these concerns may be circumvented and margin- 
alized. However, ART procedures do not address the root of the problem and 
it is important to focus on environmental and lifestyle issues such as pesti- 
cides, dietary habits, sexually transmitted infections, cell phone radiation, 
alcohol, tobacco, and recreational drug use to name but a few. 

With this first of a kind textbook we aim to provide a comprehensive yet 
concise review of various environmental and lifestyle factors which impact 
male infertility with specific emphasis on the mechanisms contributing to 
decreased sperm production and impaired function. The book consists of 16 
different yet applicably themed topics. Each chapter was written by interna- 
tionally recognized scientists and clinicians in an easy to follow, informal yet 
scientific style thereby making the text ideal for those seeking to increase 
their general knowledge of the field. We hope that this book will have a broad 
and global appeal as it would be used not only as a reference for basic scien- 
tists, andrologists, and embryologists, but may also act as a clinical guideline 
for physicians and infertility experts. 

We would like to thank all of the contributing authors for their inputs and 
are especially grateful to Michael D. Sova (developmental editor) for his tire- 
less efforts in reviewing and preparing each of the manuscripts for production. 
We would also like to acknowledge the Division of Medical Physiology at 
Stellenbosch University and the Glickman Urological Institute at the Cleveland 
Clinic for their institutional support towards this endeavor. Finally we would 
like to express our gratitude towards our families for their support and patience 
in allowing us to complete this book. We trust that this book will become an 
important resource for reproductive professionals around the world. 
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Introduction 
Significance 


A paper by Carlsen and coworkers showed evi- 
dence of a decline in semen quality and thus raised 
controversy over the topic. The aforementioned 
study opened the debate and several other studies 
have been added [1, 2]. In fact, more than 100 
articles have been published in the peer-reviewed 
literature in the past 50 years on this topic. 
Although many studies have reported a decline in 
sperm quality over time, others could not detect 
any changes [2]. The issue is still controversial 
since some previous studies were criticized for 
methodological errors, including bias in the 
recruitment of the population and in the methods 
applied for the seminal analysis [3]. As male fertil- 
ity is to some extent correlated to sperm count, it 
is therefore important to assess whether these 
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findings are indeed reflecting an overall reduction 
in male fertility [4]. 

Among fertile men, there are reports suggest- 
ing that the decline in human seminal parameters 
over the last decades is independent of aging. 
Also, these changes in semen quality seemed to 
have not been geographically homogeneously 
distributed, and these variations support the idea 
that specific factors, presented in some areas but 
not in others, may be related to a decline in the 
seminal parameters [5]. The significant deteriora- 
tion in male genitourinary function is more likely 
to occur due to environmental rather than genetic 
factors. Such geographical differences might be 
related to pollution, occupational exposure to 
industrial agents or heavy metals, and lifestyle 
risk factors including smoking, caffeine intake, 
or alcohol. 

There are many other factors that could be 
involved in decreasing semen quality. It seems that 
malfunction of the male reproductive system could 
represent a high-quality sensitive marker of differ- 
ent hazards. The biological significance of these 
changes over time is emphasized by a concomitant 
increase in the incidence of genitourinary abnor- 
malities such as testicular cancer and possibly also 
cryptorchidism and hypospadias, thus suggesting a 
growing impact of unknown factors with serious 
effects on male gonadal function [6]. 

The human spermatozoa is the end result of a 
sophisticated biological process that is hormon- 
ally regulated and produced by a highly special- 
ized cell line, initiated at puberty and continued 
throughout the man’s entire life span in cycles. 
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As a result, semen is a sensitive indicator of 
environmental, occupational, and lifestyle expo- 
sures that can exert direct toxic effects and hor- 
monal disruption. Although, damage may occur 
at any stage of life, early fetal life is a mainly 
critical time period, when the endocrine system is 
established and organs are developing [7]. 
Nonetheless, many questions remain, and we still 
know little about the effect of many other factors 
on male fertility. 


Objective of Chapter 


This chapter explores in detail the issue of a 
supposed decline in semen quality over time that 
can directly impact the society in some ways. 
First, we examine a possible impact of a real 
decline in semen quality, and thus human fertil- 
ity, to human well-being. Second, we critically 
analyze the basis of the “‘anti-endocrine disruptor 
theory” as a cause of semen quality decline. Last, 
we discuss the uncertainty and misinformation 
concerning semen quality that still prevails in lay 
and professional circles. 


Epidemiological Trends 


In Favor of a Decline 
in the Seminal Parameters 


As early as the 1980s, many scientists/clinicians 
reported an emerging concern about deteriorating 
semen quality [8—11]. To better elucidate the 
problem, a meta-analysis of 61 articles including 
14,947 men with no previous history of infertility 
was published by Carlsen and coworkers, in 1992. 
The authors concluded that the mean sperm count 
of healthy men had declined by 1 % per year 
between 1938 and 1990 [1]. Furthermore, they 
reported a statistically significant decrease of a 
nearly 50 % reduction in the mean sperm count 
from 113x 10° mL“ in 1940 to 66x 10° mL in 
1990 and in the seminal volume from 3.40 to 
2.75 mL, using linear regression of data weighted 
by the number of men in each study. These results 
indicated an even more pronounced decrease in 
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sperm production than expressed by the decline in 
sperm density. 

From 1995 and onwards, many were skeptical 
about these findings, and this prompted several 
researchers to study trends in their own countries, 
mostly based on data from semen banks or semen 
donor registries. The resulting papers reported 
heterogeneous findings, with some confirming a 
decreasing trend in semen quality, and others not 
[12, 13]. 

In 1997, Swan and coworkers published a 
reanalysis of global trend data [14]. The authors 
found significant declines in sperm density in the 
United States and Europe/Australia after control- 
ling for abstinence time, age, percent of men with 
proven fertility, and specimen collection method. 
The decline in the sperm density in the United 
States (approximately 1.5 % per year) and 
Europe/Australia (approximately 3 % per year) 
was somewhat greater than the average decline 
reported by Carlsen and coworkers (approxi- 
mately 1 % per year) [1]. However, Swan and 
coworkers found no decline in sperm densities in 
non-Western countries, for which data were very 
limited. In 2000, an updated comprehensive 
meta-analysis was undertaken by the same afore- 
said authors who confirmed the downward trend 
[15]. The authors used similar methods to ana- 
lyze an expanded set of studies, including 47 
English language studies published from 1934 to 
1996, in addition to those that they had reported 
in their previous study. They showed that an aver- 
age decline in sperm count was virtually 
unchanged from that reported previously by 
Carlsen and coworkers, and data were similar to 
their previous findings. The authors suggested 
that the reported trends were not dependent on 
the particular studies included by Carlsen and 
coworkers and that the observed trends previ- 
ously reported in the 1938—1990 were also seen 
in the 1934-1996 one [1, 14, 15]. During the 
same period, there was a strong evidence for a 
worldwide increase in the incidence of testicular 
germ-cell cancer, a disease linked to a decreased 
semen quality [6, 16, 17]. 

In Finland, a disappointing temporal decrease 
in semen quality in men from the general popula- 
tion has been observed in the period 1998-2006. 


1 Epidemiology and Evidence of Declining Male Fertility 


Table 1.1 Summary of Date Author Location Study period Sample size 

studies finding an 

unambiguous decline in 1995 Auger [23] France 1973-1992 1,351 

sperm count published 1996 Irvine [24] Scotland 1984-1995 577 

from 1995 1996 Van Waeleghem [25] Belgium 1977-1995 416 
1996 de Mouzon [26] France 1989-1994 7,114 
1996 Menchini-Fabris [27] Italy 1970-1990 4,518 
1996 Adamopoulos [28] Greece 1977-1993 2,385 
1999 Ulstein [29] Norway 1975-1994 4,072 
1998 Bonde [30] Denmark 1986-1995 1,196 
1999 Bilotta [31] Italy 1981-1995 1,068 
1999 Zhang [32] China 1983-1996 9,292 
2003 Almagor [33] Israel 1990-2000 2,638 
2003 Vicari [34] Italy 1982-1999 716 
2005 Lackner [35] Austria 1986-2003 7,780 
2007 Sripada [36] Scotland 1994-2005 4,832 
2008 Liang [37] China 1980-2005 5,834 
2009 Feki [38] Tunisia 1996-2007 2,940 
2010 Molina [39] Argentina 1995-2004 9,168 
2012 Geoffroy-Siraudin [40] France 1988-2007 10,932 
2012 Haimov-Kochman [41] Israel 1995-2009 2,182 
2013 Mendiola [42] Spain 2001-2011 273 


Men born more recently had decreased seminal 
parameters compared with the cohort that was 
only a few years older [18]. Furthermore, in 
2012, Jorgensen and coworkers published a 
study, initiated in 1996, which assessed the repro- 
ductive health of men from the general popula- 
tion to monitor changes in semen quality over 
time [19]. In this large, prospective and well- 
controlled study of semen quality of annual 
cohorts of young men from the general Danish 
population, a total of 4,867 individuals have been 
included. Statistically significant increases in the 
sperm concentration and total sperm counts over 
the past 15 years were detected. However, it was 
noted that men from the general population had 
significantly lower sperm concentrations, and 
also total sperm counts, than recently examined 
fertile men and men of a historical cohort of male 
partners of infertile couples. Still, only one in 
four men had optimal semen quality. Thus, the 
aforementioned authors concluded that there is 
reason for concern about the future fertility of 
young Danish men. Less impact cross-sectional 
studies involving men of the general popular 
comparable high incidence of low sperm counts 
in other European countries [18, 20, 21]. 


Therefore, reduced semen quality seems to be a 
widespread observable fact. This understanding 
is in line with the elevated and the growing need 
of fertility treatment in Denmark [22]. Table 1.1 
summarized the major studies finding an unam- 
biguous decline in sperm count trends published 
from 1995. The extent of the reported declines in 
terms of total count as well as sperm concentration 
varied from a 16 % decline to a 31.5 % decline in 
the study period. 


Contrary Opinion 


Before 1992, many regional studies of men seeking 
infertility suggested a decline in sperm counts or 
other semen parameters in primarily European 
countries [6-15]. In the same period, Macleod 
and Wang published a large study in the United 
States showing no consistent trend in seminal 
parameters detected over time [43]. The discrep- 
ancy in the results of these studies remained a 
topic of debate during these decades, albeit not 
achieving notable importance. However, the pub- 
lication of the aforementioned paper of Carlsen 
and coworkers from the University of Copenhagen 


changed this scenario [1]. Their meta-analysis 
of 61 previous studies gained worldwide media 
attention due to the surprising enormity of the 
findings that showed a nearly 50 % drop in sperm 
count from 1940 to 1990. In addition, the authors 
suggested that the causes for the decline were the 
compounds with estrogen-like activity and other 
environmental pollutants. Although the medical 
community reacted with skepticism about such 
results and criticized the methodology, the con- 
clusions have had a huge negative impact on the 
popular imagination. Although the study has 
been analyzed by many scientists, a summary of 
the main criticisms is presented in the next 
paragraph. 

First, a potential selection bias may have 
occurred with the 61 assembled studies, in such a 
way that they are not representative of their 
underlying populations. In fact, the authors failed 
to include studies that showed no declines in the 
sperm counts, despite being available at the time 
of the meta-analysis. Surprisingly, the total popu- 
lation of subjects with no decline in semen 
parameters was ten times larger than that in 
which a decline was found. Second, the authors 
failed to account for geographic variation among 
the studies. Before 1970, all studies were from 
the United States, and 80 % of these were from 
New York, where sperm counts were the highest. 
After 1970, only three studies were from the 
United States, and many were from third world 
countries, where sperm counts were the lowest. 
A reanalysis of the meta-analysis accounting for 
this geographic variation showed no decline in 
sperm counts [44]. Third, the application of an 
inappropriate statistical analysis may have con- 
tributed to the findings. A comprehensive statisti- 
cal reanalysis of the Carlsen and coworkers study 
showed that the linear regression model used was 
inappropriate. A variety of other mathematical 
models could perform statistically better than the 
linear model at describing the data and thus offer 
substantial different hypotheses [45]. In truth, 
the data were robust for the last 20 years of the 
studied period only, in which all the models, 
except the linear model, suggested a constant or 
slightly increased sperm count [44]. Some argue 
that given the number of methodological flaws 
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encountered, the study by Carlsen and coworkers 
should be excluded from any review of data sup- 
porting a decline in sperm counts or other semen 
parameters. Its importance is limited to promoting 
a real incentive for additional careful researchers to 
explore the complex issue of semen quality [3]. 

Although we cannot change the data quality 
collected in the past, we can better plan studies to 
come. Toward this end, the Danish data, collected 
annually over a 15-year period, provide the best 
longitudinal semen data yet available [19]. Such 
a prospectively collected data from a well-defined 
population, and examined according to a uniform 
protocol, offer a much better basis for the evalua- 
tion of secular trends than retrospective data. 
The Danish study provided no indication that 
semen quality has changed during the past 15 
years. However, it is of concern that men from 
the general population had significantly lower 
seminal parameters, in the new millennium, than 
recently examined fertile men as well as men of a 
historical cohort of male partners of infertile cou- 
ples. Unfortunately, historical data on the semen 
quality of men from the general population do not 
exist, and the only Danish semen data available 
for comparison was obtained by the pioneer of 
modern Danish andrology, Dr. Richard Hammen, 
who studied semen quality of men 70 years ago 
[19]. Although the methods used for counting 
sperm concentration in historical cohorts were 
very similar to that used in present investigations 
and are in accordance with the current recom- 
mendations by the WHO, early semen specimens 
were obtained from male partners of infertile 
couples [46]. 

Table 1.2 summarized the major studies finding 
no decline or an increase in sperm count trends 
published from 1995. As can be seen from 
Table 1.1, 20 studies with a combined number of 
79,884 subjects reported an unambiguous decline 
in sperm count, whereas, as can be seen from 
Table 1.2, 24 studies with a combined number of 
107,701 subjects reported no decline or an 
increase in sperm count. In comparison, the stud- 
ies reporting no decline or an increase in sperm 
count comprise approximately 30 % more sub- 
jects than studies reporting no decline in sperm 
count published from 1995. All the studies 
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Table 1.2 Summary of studies finding no decline or an increase in sperm count, published from 1995 


Date Author Location 
1996 Bujan [47] France 

1996 Vierula [48] Finland 

1996 Paulsen [49] United States 
1996 Fisch [50] United States 
1997 Berling [51] Sweden 

1997 Benshushan [52] Israel 

1997 Handelsman [53] Australia 
1997 Rasmussen [54] Denmark 
1997 Zheng [55] Denmark 
1998 Emanuel [56] United States 
1998 Younglai [57] Canada 

1999 Andolz [58] Spain 

1999 Gyllenborg [59] Denmark 
1999 Ulstein [29] Norway 
1999 Zorn [60] Slovenia 
2000 Acacio [61] United States 
2001 Itoh [62] Japan 

2002 Costello [63] Australia 
2003 Marimuthu [64] India 

2003 Chen [65] United States 
2005 Carlsen [66] Denmark 
2010 Mukhopadhyay [67] India 

2011 Axelsson [21] Sweden 
2012 Jorgensen [19] Denmark 


‘Note: Î significant increase, NC no significant change 


included in the table attempted as best as they 
could to control for some of the confounding vari- 
ables discussed below. 


Confounders Which May Influence 
Human Sperm Production 


Studies of semen quality have been hampered by 
three fundamental sources of possible error. First, 
semen quality is highly variable. Attributes such 
as sperm concentration, seminal volume, and 
sperm morphology vary widely not only between 
individuals but also within individuals [46, 68]. 
Second, it is difficult to recruit men to volunteer 
for reproductive studies that involve semen anal- 
ysis, and the selection biases involved are well 
recognized. Studied populations have been 
selected from men who have provided semen 
samples for reasons such as donation to sperm 


Study period Sample size Sperm count* 
1977-1992 302 NC 
1967-1994 5,719 NC 
1972-1993 510 NC 
1970-1994 1,283 T 
1985-1995 718 T 
1980-1995 188 NC 
1980-1995 689 NC 
1950-1970 1,055 NC 
1968—1992 8,608 NC 
1971-1994 374 NC 
1984-1996 48,968 NC 
1960-1996 20,411 NC 
1977-1995 1,927 T 
1975-1994 1,108 NC 
1983—1996 2,343 NC 
1951-1997 1,347 NC 
1975-1998 711 NC 
1983-2001 448 NC 
1990-2000 1,176 NC 
1989-2000 551 T 
1996-2001 158 NC 
1980-2000 3,729 NC 
2000-2010 511 NC 
1996-2010 4,867 T 


banks, general population, evaluation for male 
factor infertility, and pre-vasectomy evaluation 
[46]. None of these populations represent a ran- 
dom sample of the population at large, and each 
presents a selection bias, although some of these 
study populations are more likely to be biased 
than others [46, 69]. Third, the literature on 
human semen quality hardly indicates that semi- 
nal parameters have varied significantly by geo- 
graphic region [50, 70, 71]. The inability to 
include a truly random population due to the 
wide and unpredictable geographic variations in 
semen quality represents an important source of 
potential methodological error [44]. At present, 
no data exist to elucidate the observed geographic 
variations in semen parameters. 

The authors of the best-published studies con- 
cerning semen quality trends are aware of some 
or all of these potential sources of error [12, 13]. 
Several studies have attempted to control for 


variables such as abstinence time, semen analysis 
methods, or protocols used for sperm collection 
and measurement. Longer abstinence periods 
result in seminal parameter modifications, includ- 
ing higher sperm counts, higher semen volumes, 
and a higher percentage of sperm displaying 
abnormal morphology [23, 72, 73]. Also impor- 
tant, intra- and inter-technician and laboratory 
variation exists [74]. Similarly, intraindividual 
variation also exists, and therefore, at least two 
semen analysis should be included [74, 75]. 
Since sperm concentration is not normally dis- 
tributed, proper transformations using logarith- 
mic or cubic root should be applied to increase 
the power of the statistical analyses [75]. When 
confounding factors such as age, number of par- 
ticipants enrolled, and season of the year are 
available, they might be taken into account to bet- 
ter compare data from different centers [12]. Few 
studies of semen quality have shown seasonal 
fluctuations mainly in sperm concentrations, with 
averages highest in springtime and lowest in the 
summer [59]. 

Another source of potential error is the 
inability to control for lifestyle factors, such as 
cigarette smoking or recreational drug use. An 
association between cigarette smoking and 
reduced seminal quality has been identified [76, 
71]. Harmful substances including alkaloids, 
nitrosamines, nicotine, and hydroxycotinine are 
present in cigarettes and produce free radicals 
[78]. Men who smoke cigarettes present higher 
seminal oxidative stress than nonsmokers, pos- 
sibly due to the significant increase in leukocyte 
concentration in their semen [79]. Significantly 
higher levels of DNA strand breaks have also 
been identified in smokers which may be resul- 
tant from the presence of carcinogens and muta- 
gens in cigarette smoke [80]. Chronic use of 
marijuana has also been associated with a trend 
toward elevated seminal fluid leukocytes [79]. 
Both, experimental and human studies, have 
demonstrated deleterious effects of tetrahydro- 
cannabinol on sperm parameters including 
sperm concentration [81]. Varying regional or 
temporal trends in the use of marijuana might be 
a confounding factor in numerous studies of 
semen quality. 
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Table 1.3 Confounding factors in semen quality studies 


Characteristics 

of the study population Method 
Geographic variations in semen Semen analysis 
quality methods 


Intra- and inter- 
technician variability 


Intra- and interindividual 
variability 
Medication and diseases Season at sample 


delivery 
Lifestyle factors Statistical methods 


Study population inclusion criteria Abstinence period 


Age Number of semen 
analysis 
The aforementioned shortcomings would 


serve to cast the results of a scientific study in 
doubt when taken alone; however, taken together, 
they justify a deep skepticism regarding some of 
the studies of semen quality in the past 50 years. 
Many studies have not taken these potential 
sources of error into account, and thus, the results 
lack credibility. Some of the possible confound- 
ers which may influence semen values, including 
the characteristics of a study population and 
methodology, are listed in Table 1.3. 


Changes of Clinical Reference 
Values over Time 


Although semen analysis is one of the most 
important predictors in determining the fertility 
potential of a man, the true litmus test for male 
fertility remains the ability to cause pregnancy 
in vivo [82]. Proper laboratory semen testing is 
important in the evaluation of men presenting 
with infertility. However, seminal parameters do 
not allow for the definitive classification of 
patients into fertile or infertile [83]. 

It is important to understand that although the 
statistical chance of conception decreases as the 
semen quality decline, it does not reach zero. 
Also, clinical research has shown that normal 
semen analysis may not reflect defects in sperm 
function, and men with poor sperm parameters 
are still able to generate spontaneous pregnancies 
[84]. Routine semen parameters such as sperm 
count, percentage motility, and morphology 
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have limited value mainly because they merely 
represent the distribution of a given patient popu- 
lation, as determined by the WHO in the last 
decades [46, 85, 86]. 

The definition of normal semen quality has 
varied over time. The most recent WHO guide- 
lines have adhered to the common laboratory 
standards, in the sense that the “normal” refer- 
ence range was defined as the one that covers 
95 % of a population [46]. The most recent WHO 
guidelines have reduced the reference limits for 
sperm concentration from 20 to 15 million/mL. 
Reference limits based on 95 % of the population 
may be relevant in relation to certain clinical tests 
including levels of sodium or potassium in serum 
but are unsuitable for public health issues in 
which secular changes may affect the whole 
population. 

Seminal parameters provided from donors 
with known fertility status reveal a significant 
overlap in the sperm characteristics between fer- 
tile and subfertile men [83, 87]. The current nor- 
mal values fail to satisfy clinical and statistical 
standards and pose the risk of misclassifying a 
subject’s true fertility status [87]. Moreover, the 
introduction of these new values to the clinical 
practice is likely to result in a reclassification of 
many infertile couples [84]. Specifically, those 
couples previously classified as having male factor 
infertility with sperm parameters greater than the 
new reference limits, but less than the previous 
values, will now be diagnosed as having unex- 
plained or female factor infertility. In fact, using 
the WHO current cutoff values most likely result 
in some patients previously categorized as having 
an abnormal semen analysis to be considered 
“normal,” with referral for evaluation postponed 
or not undertaken [69, 84]. In conclusion, the 
current WHO guidelines for normal semen qual- 
ity should be used with caution, because many 
men with sperm count above the lower limit of 
the normal range defined by WHO may in fact be 
subfertile. 

It is tempting to suggest that the lower refer- 
ence limits of semen parameters, as proposed by 
the 2010 WHO manual, are part of gradual 
declines in sperm count extensively reported over 
the past two decades [88]. However, there are two 


other possible explanations that may explain the 
difference in the reference values between the 
current and previous WHO manuals. The first is 
the adherence by many laboratories to higher- 
quality control standards, especially when assess- 
ing sperm morphology. The second reason is that 
previous WHO reference values were obtained 
mainly based on the clinical experience of inves- 
tigators who have studied populations of healthy 
fertile men of unknown time to pregnancy rather 
than controlled populations of fertile men as in 
the current WHO edition [46, 85]. For these rea- 
sons, one must exercise caution when concluding 
that the newly proposed lowered WHO reference 
values can be justified by the suggested decline in 
global sperm quality. It is more probable that 
such differences are instead related to a method- 
ological bias created by different ways of gener- 
ating reference values [84]. 

We must keep in mind that the interpretation 
of the new reference ranges for seminal parame- 
ters, as proposed by the WHO in 2010, requires 
an understanding that seminal parameters within 
the 95 % reference interval do not guarantee 
fertility nor do the values outside those limits 
necessarily indicate male infertility [46]. This 
may illustrate an urgent need for new tools in the 
assessment of these men and also to evaluate the 
possible decline in semen quality over time. 


The Impact of Environmental 
Factors and Occupational 
Exposures on Male Reproduction 
System 


The real impact of environmental and occupa- 
tional exposure on spermatogenesis is extremely 
complicated to prove and measure. During the 
past decades, the rapid growth of the chemical 
industry in both the developed and developing 
worlds has resulted in the release of a plethora of 
xenobiotics into the environment [7]. Xenobiotics 
are any alien molecules that are foreign to 
biological systems. Such substances, including 
pesticides, herbicides, cosmetics, preservatives, 
cleaning materials, private waste, and pharma- 
ceutical products, have worked their way into our 


lives in a variety of forms. Even though 
consciousness of the biological risks of chemical 
toxicity has increased considerably in recent 
years, the majority of these chemicals have long 
half-lives, and they have been detected in the 
environment decades after they were released. 

Although the biological fallout from environ- 
mental pollution has usually centered on the risks 
of induction of some kinds of cancer, it is becom- 
ing progressively more evident that another major 
target of this chemical barrage is the reproductive 
system, particularly in the male. The male repro- 
ductive system can be affected by a multiplicity 
of mechanisms that have an effect on hormone 
balance and other metabolic systems. 

The disruption of germ-cell differentiation and 
thus the sperm quality decrease seem to involve 
two fundamentally different routes of exposure. 

First, xenobiotics and other environmental fac- 
tors such as radiation can act straight on male 
germ cells within the mature testis. The extremely 
effective proofreading and repair of DNA in the 
stem cells that generate sperm mean that the male 
germ line has one of the lowest spontaneous 
mutation rates in the body [89]. However, as these 
cells go through meiosis, their capacity for DNA 
repair is condensed, and their ability to respond to 
such damage by undergoing programmed cell 
death is gradually lost. As a consequence, once 
spermatozoa are released from the germinal epi- 
thelium, they can no longer rely on the protection 
previously afforded by the Sertoli cells. The male 
germ-cell line is committed to spend a long jour- 
ney of about 2-12 days in the epididymis and then 
up to 2 days of swimming around the female 
reproductive tract searching for the oocyte. During 
this period, sperms are mainly vulnerable to DNA 
damage by a variety of environmental factors 
[90]. Thus, there is no doubt that the spermato- 
zoon is much more susceptible to damage than the 
oocyte, due to its prolonged lonely existence and 
relative lack of protection, repair, and self-destruct 
mechanisms. 

The second route by which xenobiotics exert 
an influence on male reproduction is less direct, 
through the exposure of women during preg- 
nancy and subsequent disruption of reproductive 
tract development in male embryos. Such action 
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is thought to affect both the germ cells and the 
somatic tissues of the male tract, and the conse- 
quences comprise a complex array of pathologi- 
cal changes collectively known as the testicular 
dysgenesis syndrome in the offspring. The fea- 
tures of testicular dysgenesis syndrome include 
poor semen quality, hypospadia, testicular can- 
cer, and cryptorchidism. Although this syndrome 
originates in the fetal life, the exact mechanisms 
involved are not known; however, its incidence 
seems to be increasing [91]. Experimental evi- 
dence of the xenobiotic induction of testicular 
dysgenesis comes from studies in which a testic- 
ular toxicant, as dibutyl phthalate, is adminis- 
tered to pregnant rats. This substance produces 
testicular dysgenesis-like tissue abnormalities in 
the testes of male offspring. Abnormal develop- 
ment of Sertoli cells, leading to abnormalities in 
other cell types, is hypothesized as the explana- 
tion for the abnormal changes in dibutyl phthalate- 
exposed animals [91]. The various features of the 
testicular dysgenesis syndrome, such as low birth 
weight and retained placenta, have common risk 
factors, thus supporting the idea that they share 
the same pathophysiologic mechanism involving 
the perturbation of normal fetal development 
[92]. At present, we know very little about the 
nature of the xenobiotic-metabolizing enzymes in 
the male germ line, and thus, the potential that dif- 
ferent groups of compounds have for inducing 
genetic damage by oxidative stress mechanisms is 
uncertain [7]. However, if xenobiotics are involved 
in causing testicular dysgenesis, they must act 
relatively early in fetal development. 

Many agents including heavy metals, organic 
solvents, and pesticides, such as dibromochloro- 
propane, have been associated with gonadotoxic- 
ity [93, 94]. Also, industrial lead exposure exerts 
direct harmful effects on both seminiferous 
tubules and the hypothalamic pituitary axis, 
resulting in decreased sperm counts, motility, as 
well as morphology and ultimately leading to 
infertility [94-96]. Furthermore, an association 
between aromatic solvents and impaired semen 
parameters has been demonstrated, irrespec- 
tive of the exposure assessment method used 
[95]. Environmental estrogen is currently one 
of the most intensively researched compounds. 
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These phenolic compounds are usually found in 
plants. However, they also can be found in man- 
made products and competitively interact with 
the body’s receptors for the natural estrogen, a 
steroid hormone. The original “estrogen hypoth- 
esis” postulated that the apparent increase in 
human male reproductive developmental disor- 
ders includes low sperm counts, which might 
have occurred due to increased estrogen expo- 
sure during the neonatal period [97]. As a result, 
reduced sperm counts may be associated with the 
capacity of environmental estrogens to suppress 
the production of follicle-stimulating hormone 
(FSH) by the fetal pituitary gland. As FSH stimu- 
lates the growth of Sertoli cells in the developing 
testes, the number of these cells is consequently 
decreased [98]. Sertoli cells usually do not repli- 
cate, and each cell can only support the differen- 
tiation of a finite number of spermatozoa. Hence, 
a reduction in the size of this cell population can 
have an irreversible impact on male germ-cell 
development [97]. 

Environmental pollution is a major source of 
ROS production and has been implicated in the 
pathogenesis of poor sperm quality [99]. In a 
study conducted by De Rosa and coworkers, toll- 
gate workers with continuous environmental pol- 
lutant exposure had inversely correlated blood 
methemoglobin and lead levels to sperm param- 
eters in comparison to local male inhabitants not 
exposed to comparable automobile pollution lev- 
els. These findings suggest that nitrogen oxide 
and lead, both present in the composition of auto- 
mobile exhaust, adversely affect semen quality 
[100]. In addition, the increase of industrializa- 
tion has resulted in an elevated deposition of 
highly toxic heavy metals into the atmosphere. 
Paternal exposure to heavy metals such as lead, 
arsenic, and mercury is associated with decreased 
fertility and pregnancy delay according to rela- 
tively recent studies [101, 102]. Oxidative stress 
is hypothesized to play an important role in the 
development and progression of adverse health 
effects due to such environmental exposure [96]. 

Environmental factors that appear to be 
involved in the increase in abnormal sperm mor- 
phology are not particularly related to geographi- 
cal area. Future research will show whether this 


adverse trend continues, but if aspects of altered 
semen function were linked to a specific environ- 
mental influence, it would be susceptible to 
correction. 


Why Has the Incidence 
of Genitourinary Abnormalities 
Changed During the Last Decades? 


Systemic diseases in adulthood can affect fertility 
through a number of diverse mechanisms. 
Neoplasms in general can induce marked impair- 
ment of spermatogenesis due to numerous rea- 
sons, including endocrine disturbances, 
malnutrition, hypermetabolism with associated 
fever, and immunologic factors [103]. Moreover, 
specific malignancies such as Hodgkin disease 
and testicular germ-cell tumors produce signifi- 
cant direct gonadotoxic effects. 

Several reports indicate that an increase in the 
incidence of testis cancer has occurred in the last 
50 years, although there are considerable differ- 
ences among countries, being particularly higher 
in industrialized ones [17, 18, 104, 105]. This 
increase, however, was most notable among some 
European-descended populations. East Asian 
populations, in contrast, continued to have low 
rates of testis cancer that remained stable or 
declined [6]. Of note, the incidence of female 
reproductive tract cancers such as ovarian and 
uterine cancer has remained constant while the 
incidence of cervical cancer has decreased during 
the same period of time [7]. Comparable trends 
have been seen in all developed countries where 
data are available [17]. As a consequence of the 
global tendency of an increased incidence of tes- 
ticular cancer, we should be aware that the male 
reproductive system is under attack, in contrast to 
the female reproductive tract. 

Although no solitary hypothesis can be put 
forward to account for an unexpected increase in 
the incidence of testicular cancer, one of the 
possible explanations is the widespread use of 
ultrasound as a screening method in all fields of 
medical practice, including scrotal ultrasonogra- 
phy in urology [105, 106]. Another possible 
explanation could be the fact that people are living 
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longer. However, we feel that such justifications 
are of limited value because testicular cancer is a 
disease of young men and is easily detected by 
self-examination. Although testicular cancer is a 
rare disease, its rising incidence is certainly a 
cause for concern. 

Suggestions of a potential link between low 
sperm counts and testicular cancer come from the 
discrepancies in the incidence of male reproduc- 
tive pathologies between men from Denmark and 
those from Finland [18]. Danish men have the 
lowest sperm counts in Europe and also the high- 
est incidence of testicular cancer and malforma- 
tions of the genital tract such as hypospadias 
[107]. In contrast, the frequency of testicular can- 
cer in Finnish men is practically three times 
lower. In addition, genital malformations are rare 
and the mean sperm counts are among the highest 
reported [108]. As such, male reproductive prob- 
lems thus seem to coincide as men from countries 
with high frequencies of testicular cancer appear 
to have lower average semen quality compared 
with those from countries with a lower cancer 
incidence [107]. Currently, there is no convincing 
explanation why the reproductive fate of men in 
these two countries is so different [107]. 
Nevertheless, recent studies on smoking during 
pregnancy indicate strong geographical and tem- 
poral association between female smoking and 
testicular cancer in the offspring [109]. These 
increased trends could be alleviated by primary 
prevention, although a satisfactory valid assess- 
ment of the hypothesis is still lacking [109]. 

Of note, the increases in testicular cancer rates, 
especially over the last 40-year period, argue in 
favor of a negative impact of environmental risk 
factors. Even though the large variation in the inci- 
dence of testicular cancer among men of different 
racial and ethnic background suggests that genetic 
susceptibility might also be a significant determi- 
nant [6]. Such recent increases in testicular can- 
cer in most industrialized countries should guide 
urologists and andrologists to give more aware- 
ness to testicular symptoms, such as a painless 
testicular mass, testicular pain, swelling, hard- 
ness, or orchitis, and also to be more prone to rec- 
ommend a testicular self-examination, particularly 
in adolescents and young adults [17]. 
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Conclusions 


It has been suggested that the sperm production 
and sperm quality in humans are declining over 
the last decades. These changes might be respon- 
sible for a possible decline in fertility rates in the 
industrialized world. The inter- and intraindivid- 
ual biological variability of sperm production, 
the heterogeneity of the studied population, the 
small sample-sized evaluation, the paucity of 
information on subject characteristics, and the 
uncertainty in the quality and standardization of 
methods used for semen analyses make the inter- 
pretation of secular trends in semen quality 
extremely difficult as most studies have not taken 
these potentials sources of error into account. 
Despite of that, the reported decline in semen 
quality is a matter of great interest because it has 
been associated with an adverse trend for an 
increased incidence of other male disorders, 
including testis cancer and undescended testis. 
A critical appraisal of the available evidence 
indicates that it is unsound to assume that such 
trends may be linked to lifestyle and environmen- 
tal exposures to endocrine disrupters. 
Occupational exposure to several agents, 
including heavy metals, organic solvents, and pes- 
ticides such as dibromochloropropane, have been 
widely associated with reproductive dysfunction 
in males as well as in females. The possible mech- 
anisms for explaining the negative effects of 
chemicals on the male reproductive health include 
both a direct effect on reproductive organs and an 
indirect effect resulting in a hormonal imbalance 
that is crucial for growth, sexual development, as 
well as many other essential physiological func- 
tions. Although environmental factors, whatever 
the route of exposure, can undoubtedly affect the 
development and function of the male reproduc- 
tive tract, we must be aware of the wide range of 
behavioral, medical, and other factors that can 
potentially damage the male reproductive health. 
All these factors may contribute to a decrease in 
the fertility rates, and the necessary research to 
elucidate this phenomenon is complex and requires 
nontraditional collaboration between demogra- 
phers, epidemiologists, clinicians, biologists, 
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wildlife researchers, geneticists, and molecular 
biologists. This research effort can hardly be car- 
ried out without major support from governments 
and granting agencies, making it possible to fund 
collaborative projects within novel research net- 
works of scientists. 

Taking into account the weakness as well as 
the qualities of all the studies included in this 
chapter, there is sufficient power to provide reli- 
able data. If there was a genuine decline in sperm 
counts in these study populations, these analyses 
would be able to identify it. Therefore, two con- 
clusions can be drawn from this chapter. Firstly, 
there is not enough data to confirm a worldwide 
decline in sperm counts or other semen parame- 
ters. Secondly, to date, there is no truly scientific 
connection about a causative role for endocrine 
disruptors in the decline of sperm production 
over time. We strongly believe that a definite con- 
clusion will not be achieved on how much the 
quality of sperm has changed during the late 
twentieth century. These uncertainties emphasize 
the need of continuing good quality research not 
only concerning the semen quality, reproductive 
hormones, and xenobiotics but also on defining 
better indicators of couple fecundity, such as time 
to pregnancy. 
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Part I 


Lifestyle/Personal Factors 


Omar Haque, Joseph A. Vitale, Ashok Agarwal, 
and Stefan S. du Plessis 


Introduction 


The detrimental effects of cigarette smoking on 
human longevity, respiratory and cardiovascular 
physiology, and general health are well docu- 
mented. However, a less publicized aspect of 
smoking is its link to male infertility. In a society 
where one third of the world’s population over 
the age of 15 smokes cigarettes daily and the 
highest prevalence is among young adult males 
in their reproductive years [1], it becomes critical 
to determine whether or not the compounds in 
cigarette smoke can lead to infertility issues for 
males. Although 30 % of men and 35 % of 
women of reproductive age in the United States 
smoke, current evidence cannot conclusively ver- 
ify the causative relationship between smoking 
and male reproductive problems. However, there 
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is a consensus in medical literature that cigarette 
smoke is an infertility risk factor [2]. A major 
reason why this debate has persisted is because 
the biological mechanisms through which chemi- 
cals and gases in cigarette smoke lead to male 
infertility are largely unknown. 

Based on this current situation, the objective 
of this chapter is fourfold. First, the myriad of 
fertility factors that are adversely affected by 
cigarette smoke will be discussed. Next, the evi- 
dence that challenges the causative link between 
smoking and male infertility will be analyzed in 
the effort to provide explanations for the contin- 
ued inconsistencies seen in medical literature. 
Afterwards, this chapter will summarize the 
possible mechanisms through which smoking 
can lead to male infertility. Finally, the chapter 
will conclude with a discussion regarding how 
this area of research should advance to meet the 
clinical needs of infertile smokers. 


Content of Cigarette Smoke 


The contents of cigarette smoke have shown 
substantial effects on male infertility world- 
wide. Around 4,000 compounds are released by 
a lit cigarette consisting of gases, vaporized liq- 
uids, and particles through the processes of 
hydrogenation, pyrolysis, oxidation, decarbox- 
ylation, and dehydration. Cigarette smoke con- 
sists of two phases: gaseous and particulate 
phases. Nicotine and tar are released in the par- 
ticulate phase, while carbon monoxide emerges 
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in the gaseous phase [3]. Radioactive polonium, 
benzopyrene, dimethylbenzanthracene, naph- 
thalene, methylnaphthalene, polycystic aro- 
matic hydrocarbons, and cadmium (Cd) are 
common carcinogens and mutagens that are 
present in cigarettes [4, 5]. In fact, elevated 
seminal Cd levels have been seen in smokers 
who consumed more than 20 cigarettes per day 
[6, 7]. A known environmental hazard and a risk 
factor for early hypertension, Cd has been linked 
with male infertility, and seminal Cd levels in 
normozoospermics have been directly corre- 
lated with cigarette consumption per day [8]. 

Next, there are two types of smoke that are 
generated when a cigarette is lit: main stream 
and sidestream smoke. When smoke is drawn 
from the cigarette and filtered through the user’s 
lungs, mainstream smoke emerges. Sidestream 
smoke is merely a byproduct of cigarette burning 
[9]. High levels of ROS such as hydroxyl anion, 
hydrogen peroxide, and hydroxyl radicals were 
found to be an active component in cigarette 
smoke [1]. In addition, carcinogens such as 
N-nitrosamine (TSNA), JN’-nitrosonornicotine 
(NNN), and 4-(methylnitrosamino)- 1-(3- 
pyridyl)-1-butanone (NNK) were identified in 
smokeless tobacco (including snuff and chewing 
tobacco) as well. Finally, 3-methylnitrosamino- 
propion-aldehyde (MNPA), also found in smoke- 
less tobacco, negatively impacted DNA by 
breaking single strands. Many harmful com- 
pounds and active ingredients found in smoking 
tobacco (nicotine, Cd, and benzene) are present 
in chewing tobacco as well [10]. 


Effect of Smoking on Male 
Infertility 


The consensus in medical literature indicates that 
smoking can negatively affect virtually every 
aspect of the male reproductive system. Due to a 
multitude of factors that will be presented in the 
following sections, the spermatozoa of chronic 
smokers have a decreased fertilization capability 
(see Fig. 2.1) and, when coupled to form an 
embryo, display lower successful implantation 
rates [11, 12]. 
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Semen Parameters 


The harmful effects of cigarette smoke shift virtu- 
ally all semen parameters (count, motility, and 
morphology) away from normal physiological lev- 
els. Furthermore, some people have reported that 
there is no “safe” amount of cigarette smoke intake 
with regard to semen quality and that some semen 
parameters such as volume are inversely related to 
the amount of cigarette use [13]. Nicotine, an alka- 
loid compound found in nightshade plants, has a 
negative effect on both sperm morphology and 
count (since human spermatozoa have nicotine 
receptors) and is found in higher concentrations 
among smokers [14]. In rats, the compound has a 
negative dose-dependent effect on sperm parame- 
ters, reducing fertility; moreover, nicotine with- 
drawal helps lessen the effects, suggesting a 
causative relationship [15]. Numerous clinical 
studies on humans have also reported that smokers 
have lower sperm counts [16-19] and significantly 
lower sperm concentrations [6, 20-23]. These 
studies indicate that smokers suffer from oligo- 
spermia or even azoospermia, causing infertility 
problems due to lack of viable spermatozoa. 
Studies have also found that spermatozoa from 
smokers exhibit lower motility [16, 18, 19, 22, 
24-28] and quality (in relation to semen parame- 
ters) [21] before and after swim-up [4] compared 
to the spermatozoa of nonsmokers. More specifi- 
cally, the spermatozoa of smokers displayed 
reduced progressive motility [23], higher devia- 
tions in their straight-line motility [29], and after 
ejaculation, faster deterioration as well [13]. 
Lastly, the semen from smokers appeared to con- 
tain larger counts of morphologically abnormal 
spermatozoa [20, 22, 24, 29]. These alterations 
include more oval spermatozoa [16], head defects 
[6, 27], and cytoplasmic droplets [30] compared 
to normal semen samples. Thus, in addition to 
oligospermia and azoospermia, heavy smoking 
can also lead to teratozoospermia [13]. 


Spermatozoa Structure and Proteins 


While semen parameters are a convenient way 
to assess the reproductive capability of spermato- 
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Fig. 2.1 A summary of the general categorical effects of 
smoking on male infertility. The contents of cigarette 
smoke have been shown to (clockwise) lead to DNA sin- 
gle-stranded and double-stranded breaks, reduced quality 
in seminal plasma, lower sex gland function, reduced 


zoa, they are often highly variable between dif- 
ferent men. Thus, to further assess the effect of 
cigarette smoke on spermatozoa, a biological 
lens is required. To begin, studies have found fluc- 
tuations in both amount and positioning of axone- 
mal microtubules in smokers [31]. The axoneme 
is the cytoskeleton comprised of microtubules in 
the classic 9+2 arrangement (nine doublets encir- 
cling two central pairs) in motile cilia and fla- 
gella. Thus, the smoke-induced alterations to the 
normal axoneme structure (such as coiling of tail 
filaments) could impede flagellar beating, lead- 
ing to the sperm motility pathologies seen in 
smokers [32]. 

Next, the catalytic role of acrosin in smokers 
seems to be affected [33]. Acrosin is a digestive 
enzyme encoded by the ACR gene that acts as a 
protease to degrade the zona pellucida of the 
oocyte. It is released during the acrosome reac- 
tion and aids the penetration of the spermatozoa 
into the ovum by degrading the oolemma. 
Smokers displayed lower acrosin activity in the 


Seminal plasma and 
sex gland function 


jji 
JAE | 
PA Ka 


semen parameters, higher levels of ROS and RNS, and 
abnormal morphology of sperm axonemes. (ROS reactive 
oxygen species, RNS reactive nitrogen species) [Reprinted 
with permission, Cleveland Clinic Center for Medical Art 
& Photography © 2012. All Rights Reserved] 


presence of normal semen parameters compared 
to nonsmokers [33]. The reduced level of acrosin 
activity in smokers relays a fundamental point 
when assessing male infertility—even with per- 
fectly normal semen, men can be infertile due to 
the other biological factors such as a failure of 
proper enzymatic function. 


Seminal Plasma and Sex Glands 


Seminal plasma, the fluid component of the 
ejaculate, also plays a major role in male fertility. 
This complex fluid contains a huge variety of 
molecules, both organic and inorganic, providing 
the spermatozoa nutrition and protection during 
their travel through the female reproductive tract. 
Experiments indicate that when spermatozoa 
from nonsmokers come into contact with the 
seminal fluid of smokers, the spermatozoa display 
reduced motility and acrosome reaction. 
However, when spermatozoa from smokers come 
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into contact with the seminal plasma of non- 
smokers, the results were insignificant [34]. From 
these experiments, it becomes clear that poor 
seminal plasma can contribute to male infertility, 
and spermatozoa quality is not the only factor to 
take into consideration when clinically advising 
infertile male smokers. 

Accessory sex glands, responsible for produc- 
ing seminal plasma, are an aggregate of cells that 
are specialized to secrete chemicals and com- 
pounds to meet the biological and metabolic 
needs of an organism. The male accessory sex 
glands include the seminal vesicles, prostate 
gland, and bulbourethral glands that together 
lubricate the ducts of the male reproductive 
system, provide nourishment to the spermatozoa, 
and act as a medium for sperm transport. The 
seminal vesicles produce a fructose-enriched 
fluid that gives spermatozoa energy and facili- 
tates their motility. The prostate secretes an alka- 
line, milky fluid that comprises up to 30 % of 
semen volume, and the bulbourethral glands (also 
called the Cowper glands) secrete a clear fluid 
that nourishes the spermatozoa. Studies have 
analyzed the function of these three glands by 
examining the ejaculate contents with various 
glandular markers (total phosphate for the semi- 
nal vesicles, zinc acid phosphatase for the pros- 
tate gland, and alpha-1,4,glucosidase for the 
epididymis). Statistically significant findings 
showed reduced vesicular and prostatic parame- 
ters in smokers [35]. This result reiterates the 
point that smoking’s effect on male reproduction 
stretches well past merely affecting sperm 
parameters and quality. 


Reactive Oxygen Species, Reactive 
Nitrogen Species, and Oxidative 
Stress 


Reactive oxygen species (ROS) are biologically 
active, oxygen-containing free radicals that 
have the ability to damage DNA and cells. 
When an imbalance between ROS creation and 
neutralization occurs, oxidative stress (OS) 
ensues, leading to damaged lipids, nucleic acids, 
proteins, and carbohydrates. Spermatozoa are 
highly susceptible to OS due to their small 
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cytoplasm, the area of the cells that houses repair 
enzymes and antioxidants. OS can damage sperm 
quality, leading to lower viability, motility, and 
fecundity. Along similar lines, reactive nitrogen 
species (RNS) function in conjunction with ROS 
to cause nitrosative stress. Common ROS in sper- 
matozoa include superoxide and hydrogen perox- 
ide, while common RNS species consist of nitric 
oxide and peroxynitrite [36]. 

It is important to understand that ROS serve 
both physiological and pathological roles in the 
context of male fertility. On a physiological level, 
ROS facilitate chromatin packaging during sperm 
maturation, the acrosome reaction during capaci- 
tation, sperm hyperactivation, and sperm-egg 
fusion. However, when imbalances occur or 
when ROS are located in abnormal locations, 
pathological effects can result. The pathological 
roles of ROS include lipid peroxidation, apopto- 
sis, and DNA damage. Smoking is one of many 
exogenous factors that lead to evaluated RNS and 
ROS levels, causing OS. In fact, studies have 
shown that smoking is correlated with a 48 % 
increase in seminal leukocytes and 107 % 
increase in ROS levels [1]. Given the dangers and 
effects of increased ROS and RNS levels, the 
finding that the content of cigarette smoke leads 
to OS provides strong evidence for the causative 
link between infertility and cigarette smoke. 

Antioxidants, molecules that prevent the oxi- 
dation of biological compounds, neutralize the 
effect of ROS and as aresult, prevent OS. Ascorbic 
acid, a mild reducing agent, is a fundamental 
antioxidant in human semen; in fact, physiologi- 
cal seminal plasma levels reach 10 mg/dL, more 
than nine times the concentration of blood plasma 
[37]. However, smokers have 20-40 % lower 
ascorbic acid levels in serum, and ascorbic acid 
supplements given to heavy smokers improve 
their sperm quality indicative of a causative rela- 
tionship [37, 38]. Ascorbic acid has also been 
positively correlated with semen parameters pre- 
viously discussed such as sperm count, motility, 
and morphology [39]. Next, superoxide dis- 
mutase (SOD), the enzyme responsible for the 
dismutation of superoxide ROS into hydrogen 
peroxide, is found in lower concentrations among 
smokers and has been negatively correlated to 
both the duration and quantity of cigarette 
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smoking [23, 40]. It is believed that the com- 
pounds found in cigarette smoke transverse the 
blood-testis barrier, causing OS-induced DNA 
fragmentation and reducing sperm quality [41]. 


Chromosomal Damage 


Studies have postulated that severe DNA damage 
reduces sperm quality and can even prevent 
oocyte fertilization [42]. Furthermore, if a DNA- 
damaged spermatozoa does fertilize an ovum, 
development could be abnormal or cease alto- 
gether. For these reasons, DNA damage to sper- 
matozoa can be a potent cause of male infertility. 
Relevant experiments found chromosomal DNA 
damage in Golgi-phase or cap-phase spermatids. 
During the Golgi phase, spermatids develop 
polarity and DNA condenses, resulting in tran- 
scriptionally inactive chromatin, while in cap 
phase, the acrosomal cap forms. In these studies, 
1.15 % of infertile smokers and 0.82 % of infertile 
nonsmokers showed DNA-damaged Golgi-phase 
or cap-phase spermatids [42]. Furthermore, 
smoking causes an increase in the ratio of single- 
stranded to double-stranded DNA [43]. 
Fragmented DNA has also been seen to be higher 
in male smokers versus nonsmokers although the 
exact values are variable [41, 44]. However, anal- 
ysis of the DNA damage after sperm capacitation 
revealed that tobacco does indeed have a detri- 
mental effect on DNA damage [45], validating 
the trends found in previous studies. Finally, and 
perhaps most dangerous, smoking has been dem- 
onstrated to induce disomic spermatozoa—sperm 
with multiple copies of the same chromosome— 
increasing the risk of aneuploidy [46]. 


Varicoceles 


Varicoceles are abnormal expansions of the veins 
located in the scrotum that run alongside the 
spermatic cord and drain a man’s testicles. Studies 
show that when the presence of varicoceles are 
coupled with cigarette smoke, the incidence of 
oligozoospermia increased tenfold compared 
with nonsmoking males with varicoceles [47]. 
There is speculation that the physiology behind 
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this phenomenon is due to catecholamine secre- 
tions from the adrenal medulla due to cigarette 
smoking. Catecholamines are a class of tyrosine 
derivatives that circulate in the bloodstream and 
consist of molecules such as epinephrine, norepi- 
nephrine, and dopamine; these compounds arrive 
at the testes via the spermatic vein through retro- 
grade flow [48], leading to varicoceles, oligosper- 
mia, and male infertility problems. 


Chewing Tobacco 


While chewing (smokeless) tobacco is not the 
focal point of this chapter, analyzing its effects on 
male infertility highlights some fundamental 
points. Overall, chewing tobacco is much less 
harmful than smoking [49] and does not drasti- 
cally increase the risk of respiratory tract cancers 
[50]. Since both forms of tobacco contain similar 
active compounds, the physical burning of smok- 
ing tobacco in a cigarette is thought to initiate 
deleterious reactions that do not occur with chew- 
ing tobacco. In addition, chewing tobacco has a 
much lower risk of cardiovascular disease com- 
pared to smoking [51]. However, its consumption 
is on the rise and is proving to be more harmful 
than previously expected. Just in the United 
States alone, there has been a threefold increase 
in consumption and the manufacturing output of 
chewing tobacco has been growing for eight 
consecutive years [52]. Also, there have been an 
increasing number of studies that are linking 
chewing tobacco with infertility, suggesting 
that even the less harmful form of tobacco can 
still cause reproductive problems in males. 
Azoospermia was observed in chewing tobacco 
groups with 14 % incidence among very frequent 
users [10]. Furthermore, a statistically significant 
difference in semen quality (count, motility, 
morphology, and viability) was seen in tobacco 
chewers already experiencing infertility evalua- 
tion. However, no significant results were 
obtained regarding semen parameters in men who 
chewed little to moderate levels of tobacco [10]. 
These relationships suggest that chewing tobacco, 
despite being less harmful in many respects 
compared to cigarette smoke, can still lead to 
infertility when heavily used. Thus, infertile men 
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who do not smoke but chew tobacco should also 
be counseled on the adverse effects of their habit 
on sperm quality. 


Prenatal Tobacco Exposure 


Cigarette smoking may also have long-term 
effects on male infertility. Studies have shown 
that prenatal interaction with cigarette smoke 
leads to male infertility in adulthood. This corre- 
lation was made by counting the number of non- 
contraception cycles in 600 couples [53]. Thus, 
not only does cigarette smoke affect a plethora of 
factors that can lead to male infertility, but also 
the habit can transcend into the neonatal popula- 
tion as well, comprising the fertility of a genera- 
tion that is still unborn. A Danish pregnancy 
cohort also reported an inverse correlation 
between maternal smoking and total sperm count 
in adulthood—men exposed to more than 19 ciga- 
rettes per day during neonatal development 
exhibited 19 % reduced semen volume, 38 % 
lower sperm count, and 17 % lower sperm con- 
centration in relation to men who were unex- 
posed to cigarette smoke in the womb. However, 
another study found that couples who were pre- 
natally exposed to cigarette smoke displayed no 
signs of reduced fertility [53]. 


Contradictory Findings 


Although the majority of studies regarding male 
infertility factors and smoking find statistically sig- 
nificant correlations between the two, there are still 
some that yield insignificant results. These studies 
conclude that tobacco consumption does not reduce 
semen quality [54, 55] and tobacco’s effect on 
infertility is more behavioral (i.e., drug usage, poor 
socioeconomic status, malnourishment) than bio- 
logical [56, 57]. In addition, studies found no 
effect of smoking on semen parameters [57-59], 
gonadal hormones [48], and DNA distribution [60]. 
Regarding DNA, a few scientists have shown that 
there is no significant relationship between smok- 
ing and DNA fragmentation (sheared or separated 
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DNA) when comparing the spermatozoa of smok- 
ers (both heavy and light) with nonsmokers [61]. 
Regarding prenatal tobacco exposure, opposing 
studies have shown that sons of smokers and non- 
smokers of varying degree display no significant 
differences in sperm count [62]. 

There are a number of reasons for such varia- 
tion in associations. First, contradictory data 
could result from a large variation in sample pop- 
ulations—very different blends of normal, sick, 
healthy, fertile, and infertile men are included in 
these experiments. Also, the lines between what 
is considered light, moderate, and heavy smoking 
are not consistent across different experiments 
and clinical trials. Thus, it becomes very difficult 
to control for confounding factors (such as drug 
use, sexual lifestyle, socioeconomic status, and 
varying genital examinations), especially in the 
smoking sample population, and studies regard- 
ing the topic fail to reach a consensus on what 
background factors to screen for when conduct- 
ing their clinical prospective studies [1]. For 
example, in a study done by Saleh’s group in 
2002, men were screened for drinking and recre- 
ational drug use in an effort to eliminate bias. 
Men were also turned away in this study if they 
had undergone chemotherapy and radiotherapy 
or had been exposed to pesticides. However, 
many of the other studies regarding the same 
topic failed to use these specific inclusion crite- 
ria, partially explaining the disagreement seen in 
medical literature. This scenario reoccurs in the 
field of smoking-induced male infertility and 
calls for the standardization of inclusion criteria, 
allowing multiple studies across differing sample 
populations to be compared more effectively. 
It is also challenging to reach an agreement 
regarding smoking’s effect on male infertility 
because infertility can present from a multitude 
of factors and altered parameters, only some of 
which are affected by the contents of cigarette 
smoke. Finally, the biological, biochemical, and 
physiological pathways that connect cigarette 
smoke to male infertility are unknown, and 
proposed mechanisms in literature (which will be 
covered in the following section) have yet to be 
confirmed. 


2 The Effect of Smoking on Male Infertility 


Mechanisms for Smoking-Induced 
Male Infertility 


Although the exact mechanisms by which cigarette 
smoke leads to male infertility are unknown, several 
strong speculations exist in medical literature, laying 
down the foundation for future basic science experi- 
ments. The following section will summarize the 
major theories (see Fig. 2.2) in literature to date. 
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Fig. 2.2 A summary of proposed mechanisms connect- 
ing the contents in cigarette smoke to male infertility. (1) 
Smoking is known to increase ROS which can lead to oxi- 
dative stress, DNA damage, morphologically and func- 
tionally abnormal sperm, and, eventually, male infertility. 
(2) Smoking can also increase levels of exogenous metab- 
olites which cause an inflammatory reaction, raising lev- 
els of IL6/8, activating seminal leukocytes, which also 
lead to higher ROS levels. (3) Smoking has also been 
shown to decrease FSH, LH, and testosterone levels in 
men, causing impaired spermatogenesis. The increase in 
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ROS Mechanisms 


A fundamental principle regarding the relation- 
ship between smoking and male infertility is the 
fact that cigarette smoke causes OS. This fact is 
of particular importance since spermatozoa are 
highly susceptible to ROS-induced damage since 
their plasma membranes contain large quantities 
of polyunsaturated fatty acids (potentially lead- 
ing to high levels of lipid peroxidation) [63] and 
low amounts of protective enzymes [41-44]. 
To further complicate matters, the intracellular 
antioxidant enzymes spermatozoa do possess can- 
not protect the plasma membrane that surrounds 
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abnormal and premature sperm can directly lead to fertil- 
ity issues and causes a similar inflammatory reaction that 
increases ROS. (4) Oxidative stress-related genes (green) 
encode enzymes such as GSH, GPX, and SOD which 
reduce the levels of ROS and impair the pathway leading 
to oxidative stress and infertility. (ROS reactive oxygen 
species, FSH follicle-stimulating hormone, LH luteiniz- 
ing hormone, GSH glutathione, GPX glutathione peroxi- 
dase, SOD superoxide dismutase) [Reprinted with 
permission, Cleveland Clinic Center for Medical Art & 
Photography © 2012. All Rights Reserved] 
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the acrosome and tail. As a result, mature sper- 
matozoa are forced to largely rely on seminal 
plasma for environmental protection. This depen- 
dency creates two weaknesses with regard to 
sperm viability. First, perfectly healthy spermato- 
zoa that reside in poor quality seminal plasma 
(that is high in ROS levels) can suffer [45]. 
Second, the small, free-radical scavengers such 
as uric acid, ascorbate, and ROS-metabolizing 
enzymes (catalase, glutathione peroxidase, SOD) 
that lie in seminal plasma constitute the only line 
of defense between ROS and OS [61]. 

The epididymal epithelium, also responsible 
for shielding spermatozoa from ROS, houses 
antioxidant enzymes. Thus, several OS-related 
gene families such as epididymal glutathione 
peroxidases (GPX), glutathione S-transferases 
(GSTs), and copper-zinc superoxide dismutases 
(Cozen-SOD) are highly expressed in the epi- 
didymis. When ROS levels become elevated in 
the male reproductive tract, transcription and 
translation of these protective OS-related genes 
results. Glutamate cysteine ligase facilitates the 
biosynthesis of glutathione (GSH), an antioxi- 
dant and reducing agent that protects cellular 
structures from ROS species and peroxides. 
GPX, another metabolite, protects biological 
components from oxidative damage by reducing 
hydroperoxides and hydrogen peroxide to alco- 
hol and water [64]. Finally, CuZn-SODs are 
copper-zinc-containing enzymes that lower the 
steady state of the superoxide ion [65]. However, 
smoking disrupts this delicate balance between 
antioxidant defense and ROS by adding exoge- 
nous ROS in the reproductive tract, leading to OS 
and male infertility problems. There are several 
possible ideas about how this pathology occurs at 
the biological level. 

One theory postulates that increased seminal 
ROS species come from elevated seminal leuko- 
cyte concentrations among infertile smokers. 
Smoking metabolites are thought to induce an 
inflammatory reaction, releasing interleukins 
(IL-6 and IL-8) into the male reproductive tract. 
The interleukins act as immune system mediators, 
activating leukocytes [28] that produce ROS, 
overwhelming antioxidant defenses and leading 
to OS and infertility problems [1, 20]. OS has 
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been shown repeatedly to have an incredibly 
damaging effect on spermatozoa membrane qual- 
ity and DNA integrity [4]. 

A different mechanism with the same result 
suggests that the toxic metabolites in smoke 
impede successful spermatogenesis, increasing 
the number of abnormal spermatozoa in the male 
reproductive tract. The presence of these defec- 
tive cells activates leukocytes that enter the repro- 
ductive tract and phagocytose the spermatozoa 
[13], leading to OS-induced oligospermia and 
infertility. Finally, increased ROS due to smoking 
may simply be the result of intrinsic ROS already 
present in smoke (superoxide anion, hydroxyl 
radicals, and hydrogen peroxide) [4, 19]. The 
increased levels of ROS can lead to OS-induced 
spermatozoa dysfunction, damage to spermato- 
zoa DNA [66], and compromised integrity of the 
spermatozoa nucleus [67]. The DNA damage that 
results can facilitate germ cell apoptosis, thereby 
decreasing sperm counts [68]. 

On a molecular level, studies have shown that 
the direct binding of cigarette smoke contents or 
their metabolic intermediates to DNA can result 
in chemical DNA adducts [69, 70]. DNA adducts 
are segments of DNA that are covalently bonded 
to various chemicals and lead to DNA damage, 
impaired replication, and even cancer. The ROS 
in cigarette smoke facilitate the formation of 
adducts, and this increase has been seen in the 
embryos of smokers relative to nonsmokers, sug- 
gesting the transmission of modified, damaged 
DNA from parent to offspring due to parental 
smoking [69]. 


Toxic Compound and Hormone 
Mechanisms 


In addition to ROS-mediated mechanisms, smoke 
also contains polycyclic aromatic hydrocarbons 
(PAHs). PAHs, such as naphthalene and benzo- 
pyrene, are highly carcinogenic and have been 
demonstrated to reduce Sertoli cell function [71] 
and production of testosterone from Leydig cells 
[72]. Because the late stages of spermatogenesis 
are testosterone dependent, spermatozoa formation 
could be compromised by reduced testosterone 
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concentrations. Also, since the concentrations of 
testosterone in the testis are 100-fold higher than 
in blood plasma, even a slight drop of the hor- 
mone due to PAHs could lead to a significant 
reduction in spermatozoa production [71]. 

Finally, cigarette smoke can lead to male 
infertility by acting via hormones. For example, 
nicotine affects reproductive hormone concentra- 
tions by changing the hypothalamic-pituitary- 
gonadal axis via stimulation of growth hormone, 
vasopressin, and oxytocin. These hormones will 
then inhibit luteinizing hormone (LH) and pro- 
lactin. Studies have also shown that nonsmokers 
have significantly higher levels of follicle- 
stimulating hormone (FSH), a molecule secreted 
by the anterior pituitary gland that acts on the 
Sertoli cells in males to induce spermatogenesis. 
Men who smoked more than nine cigarettes a day 
had 17 % lower FSH concentrations compared to 
nonsmokers [19]. 

The relative plausibility of all these theories 
remains to be determined by scientific experi- 
ments. However, because there has been a strong 
consensus in medical literature that the contents 
of cigarette smoke causes OS, and OS leads to 
male infertility, the link between cigarette smoke 
and infertility seems to follow a logical progres- 
sion. The majority of results verify this conclu- 
sion, but a firm agreement will be difficult to 
reach until these biochemical mechanisms are 
tested and verified. 


Conclusion 


Although the causation between smoking and 
male infertility has yet to be proven, there is a 
strong consensus in the literature that smoking 
is a male infertility risk factor and smokers who 
are having infertility problems should reduce or 
preferably stop their tobacco consumption. This 
conclusion was deduced by two correlations 
that are well understood and verified in medical 
literature; (1) cigarette smoke creates ROS spe- 
cies, leading to OS, and (2) OS destroys the 
quality of spermatozoa, leading to male infertility. 
Thus, the next logical step would naturally be 
that the ROS species already present in cigarette 
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smoke and the new ones induced by seminal 
leukocytes are causing infertility in males. 
Currently, there is speculation that if smoking 
does not directly lead to DNA damage in healthy 
males, it facilitates the process through OS, 
resulting in the fertility problems commonly 
seen in male smokers [1]. 

However, contradictory studies still exist 
because of highly variable study design, different 
patient inclusion criteria, and a lack of agreement 
as to what is considered low, moderate, and high 
levels of cigarette use. Thus, even though the 
majority of studies do find a correlation between 
cigarette smoke and male infertility, without elu- 
cidating a biological mechanism, a final claim 
cannot be made. This chapter has summarized 
the major results in studies concerning smoking’s 
effect on male infertility and has demonstrated 
how there are a myriad of factors from cigarette 
smoke, outside of just poor semen parameters, 
that can lead to infertility issues in men. 

While there are numerous studies on this 
topic, further research is needed. First, future 
studies should aim to stay true to previous inclu- 
sion criteria in an effort to develop consistency, 
making trends easier to ascertain. Next, there is a 
shortage of reversal studies that clarify whether 
infertile male smokers who stop their habit will 
regain their fertility. Lastly, there are several con- 
founding factors in the male smoking population, 
ranging from drug use to socioeconomic status, 
that need to be addressed especially when com- 
paring data across various experiments. 

Finally, the discussion of cigarette smoke on 
male infertility presented in this chapter has 
immediate clinical relevance. Physicians who are 
advising male smokers with infertility problems 
should inform them of the consequences of their 
tobacco consumption (both cigarette and chew- 
ing tobacco). Additionally, smoking has been 
shown to negatively affect assisted reproductive 
technique (ART) outcomes, and as a result, infer- 
tile smokers cannot solely rely on clinical inter- 
ventions for reproductive success [73]. A daily 
dose of antioxidants may help neutralize ROS 
and lessen sperm damage due to OS, but the best 
option for infertile male smokers remains to quit 
their use all together. 
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Key Points 


A third of the world’s population over the age 
of 15 smokes cigarettes daily, and the highest 
prevalence is among young adult males in 
their reproductive years. 

The majority of studies find that the spermato- 
zoa of chronic smokers have a decreased fer- 
tilization capability and, when coupled to 
form an embryo, display lower successful 
implantation rates. 

Cigarette smoke adversely shifts virtually all 
semen parameters (count, motility, and mor- 
phology) away from normal physiological 
levels. Furthermore, there appears to be no 
“safe” amount of cigarette smoke intake with 
regard to semen quality. 

Smoking affects many more elements of fer- 
tility besides sperm quality such as seminal 
plasma, hormones, and accessory sex glands. 
Contradictory studies reporting no significant 
correlation between cigarette smoke and male 
infertility do exist in literature, most likely due 
to an inconsistency in clinical studies with 
regard to inclusion criteria and controlling for 
confounding variables. 

Many of the proposed mechanisms explaining 
smoking-induced male infertility involve an 
increase in ROS species, leading to OS and 
reduced sperm quality. 

While there is no firm consensus yet that smok- 
ing causes male infertility, it is widely believed 
that smoking is a male infertility risk factor. 
Infertile male smokers are advised to quit, 
especially because smoking has also been 
shown to reduce successful ART outcomes, 
further reducing the reproductive potential of 
these men. 
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Karishma Khullar, Ashok Agarwal, 
and Stefan S. du Plessis 


Introduction 


Obesity, defined by the World Health Organization 
(WHO) as “abnormal or excessive fat accumula- 
tion that may impair health,” is a detrimental trend 
that has been rising worldwide, doubling from 
1980 to 2008 [1]. More specifically, the WHO 
estimates that more than 1.5 billion adults over 
the age of 20 are overweight and that one in ten 
adults in the world are obese [1]. It has been sug- 
gested that this rising trend of excessive adipose 
tissue accumulation has not only been caused by 
an increase in high-sugar and cholesterol- 
saturated diets, but also by an increase in seden- 
tary lifestyles [1]. While obesity has been 
associated with a host of cardiovascular disease, 
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the metabolic syndrome, and a wide variety of 
endocrine abnormalities, recent research has sug- 
gested a potential link between obesity and male 
infertility [2-4]. This association has merited 
investigation over the past decade because of the 
concurrent trends of rising obesity, increasing 
male factor infertility, and declining semen qual- 
ity [5, 6]. Through comprehensive analysis of 
studies and reviews on obesity and infertility, this 
chapter aims to elucidate the hormonal abnor- 
malities caused by obesity, its effect—if any—on 
semen parameters, and possible lifestyle modifi- 
cations to alleviate the adverse effects of obesity. 
Ultimately, this chapter will hopefully serve as a 
consolidation of important and novel information 
on the rising concerns of obesity and male 
infertility. 

One most common tool of weight measure- 
ment used by both the WHO and researchers 
alike is body mass index (BMI). Specifically, 
BMI is a ratio of an individual’s weight in kilo- 
grams divided by his height squared in meters. 
The WHO has set forth standards to classify 
individuals as underweight, normal, overweight 
or obese. In particular, a BMI of 18.5—24.99 kg/ 
m? is classified as normal, 25-29.99 kg/m? as 
overweight, 30-34.99 kg/m? as class I obesity, 
35-39.99 kg/m? as severely obese, and a BMI 
greater than 40 kg/m? as morbidly obese [1]. 
While BMI is one of the most common methods 
for measuring body fat, its effectiveness in 
assessing visceral fat—the type of fat that is 
thought to contribute the most to the adverse 
effects of obesity—has been called into question 
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in recent years. This is likely due to the fact that 
weight is not directly correlated to fat, since mus- 
cle weight differs from fat. As an alternative to 
utilizing BMI, researchers have started to utilize 
measures such as waist-to-hip ratio (WHR), waist 
circumference, abdominal sagittal diameter, 
computer tomography, magnetic resonance imag- 
ing, and ultrasonography [7]. With regard to 
WHR, a study published by Noble in The Western 
Journal of Medicine reported that WHR was bet- 
ter correlated than BMI in obese and overweight 
patients with high cholesterol [8]. Because adi- 
pose tissue tends to accumulate around the mid- 
section, it has been suggested that measuring 
WHR can properly identify the obese and over- 
weight patients better than BMI. However, BMI 
remains the most popular method of measure- 
ment for assessing obesity, since WHR measure- 
ment is a relatively new method. Because of the 
different measurement systems available to clas- 
sify obesity, this chapter pays special attention to 
the manner in which each study recorded their 
results and made sure that the results are compre- 
hensible based on the standards set by the WHO. 


Adipose Tissue, Adipocytokines, 
and Reactive Oxygen Species 


Until very recently, adipose tissue had been 
merely regarded as a passive storage organ for 
fat. However, recent studies and discoveries of 
adipose-specific hormones have illuminated its 
endocrine function. Adipose tissue secretes two 
main classes of molecules known as adipocyto- 
kines and adipose-derived hormones. These sub- 
stances are especially significant because they 
have been implicated in creating a chronic state 
of inflammation and hyperinsulinemia in obese 
individuals, both of which have been associated 
with abnormal reproductive function. While 
interleukin-6 (IL-6) and tumor necrosis factor 
alpha (TNF-a) are classified as important adipo- 
cytokines, which are cell-to-cell signaling 
proteins, leptin, adiponectin, and resistin are 
characterized as adipose-derived hormones 
which are secreted by adipose tissue [9, 10]. 
While leptin and adiponectin play a role in 
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increasing insulin sensitivity, resistin, IL-6, and 
possibly TNF-a are crucial in the development of 
insulin resistance. Some studies suggest that the 
insulin resistance promoted by certain adipocyto- 
kines is caused by the oxidation of free fatty 
acids. The oxidation of the fatty acids creates ATP 
for gluconeogenesis, thereby increasing glucose 
levels and potentially creating hyperinsulinemia 
and decreased spermatogenesis [7]. 

In addition to adipocytokines and adipose- 
specific hormones compromising male fertility 
via creating hyperinsulinemia, some play a role 
in generating reactive oxygen species (ROS). 
ROS are a group of free radical molecules that 
contribute to oxidative stress in the body. 
Oxidative stress, an imbalance between ROS and 
antioxidant defense mechanisms, has been impli- 
cated in adversely affecting semen parameters 
and male fertility [11]. With regard to adipocyto- 
kines and obesity, both IL-6 and TNF-a promote 
leucocyte production of ROS. Moreover, leptin 
has also been linked to increased oxidative stress. 
While further research is needed to substantiate 
the effect of BMI on ROS and semen quality, 
Tunc et al. found a small but statistically signifi- 
cant correlation between BMI and seminal mac- 
rophage activation. However, the effect of such 
ROS production on semen parameters is unclear, 
given that the study found no significant decrease 
in sperm DNA integrity or motility [12]. Thus, 
while adipocytokines have important endocrine 
functions and consequences for the male repro- 
ductive system, the effect on eventual reproduc- 
tive potential remains debatable. 


Relationship Between Obesity, 
Sperm Parameters, 
and Reproductive Potential 


Since the trend in rising obesity has been accom- 
panied by a trend of decreasing sperm quality, 
many scientists have investigated the effect of 
obesity on sperm parameters. Some of the sperm 
characteristics that have been evaluated include 
motility, morphology, viability, concentration, 
count, and DNA damage. However, studies 
conducted over the past decade have not yielded 
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consistent results. For example, while Jensen 
et al. reported in 2004 a lower sperm concentra- 
tion, count, and percentage of normal spermato- 
zoa for men with a BMI higher than 25, Fejes 
et al. only found significant correlations using a 
different measure of fat merely a year later 
(Jensen et al.). Specifically, Fejes et al. found that 
both hip and waist circumference were negatively 
correlated with total sperm count and motility 
and that hip circumference was negatively corre- 
lated with sperm concentration [13]. While both 
of these studies reported an association between 
increased body weight and semen parameters, the 
difference in measurement methods for body fat 
demonstrates the difficulty in achieving standard- 
ized results. Evidence of body weight affecting 
semen parameters is furthered by Sallmen et al. 
and Hammoud et al. who found that BMI has a 
direct negative correlation to sperm parameters 
and that BMI is associated with low motile sperm 
count and low sperm concentration in 2006 and 
2008 respectively [5, 14]. Moreover, in 2010, 
Martini et al. reported no association between 
sperm concentration and a negative association 
between BMI and sperm motility, while Hofny 
et al. found that BMI had a positive correlation 
with abnormal sperm morphology and a negative 
correlation with sperm concentration, motility, 
and testosterone [15, 16]. Additionally, Stewart 
and Tunc et al. both found that there was a sig- 
nificantly lower sperm concentration in obese 
men in 2010 [12, 17]. Similarly, a 2011 study by 
Shayeb et al. suggested that obese men are more 
likely than those with a normal BMI to have a 
lower semen volume and a lower amount of mor- 
phologically normal spermatozoa [18]. More 
recently, Fariello et al. found that the progressive 
motility of sperm was significantly lower in 
obese and overweight males than in those with a 
normal BMI. They also found that obese men 
had a higher percentage of sperm with DNA frag- 
mentation than overweight and normal males 
[19]. Such results are further substantiated by 
Hammiche et al. who found that being over- 
weight was negatively associated with progres- 
sive motility of sperm and that being obese was 
negatively associated with ejaculate volume, 
sperm concentration, and total motile sperm 
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count using BMI measures. They found similar 
associations when using waist circumference as a 
measure, with a waist circumference greater than 
or equal to 102 cm being inversely associated 
with sperm concentration and total motile sperm 
count [20]. Moreover, in their 2012 study, 
Sermondade et al. reported that overweight and 
obese men were at significantly higher risk of 
presenting with oligozoospermia or azoospermia 
compared to those of normal weight [21]. Finally, 
La Vignera et al. found that overweight and obese 
men had a significantly lower amount of sperma- 
tozoa with progressive motility and a higher per- 
centage of spermatozoa with decondensed 
chromatin. They also reported that only obese 
men showed a lower percentage of normally 
shaped spermatozoa, a lower percentage of viable 
spermatozoa, and a higher percentage of sperma- 
tozoa with DNA fragmentation [22]. 

While there are a host of studies that show a 
negative correlation between increased BMI and 
sperm parameters, such studies must be treated 
with caution given the numerous studies that 
have reported results to the contrary. In particu- 
lar, Zorn et al. found that BMI was not correlated 
with BMI in 2006 and Aggerholm et al. reported 
no significant differences between sperm count 
and BMI in 2007 [23, 24]. Such evidence was 
further validated by Pauli et al. who reported that 
there was no association between BMI and the 
semen parameters of density, volume, motility, and 
morphology in 2008 [25]. More recently, Rybar 
et al. reported that BMI did not significantly 
affect semen parameters and Chavarro et al. 
found that obese men had no statistically signifi- 
cant differences in sperm concentration, sperm 
morphology or sperm motility in 2010 [6, 26]. 
In fact, Chavarro et al. only found lower sperm 
count and an increased amount of DNA damage 
among obese men who had a BMI greater than 
35. This suggests that the effect of BMI on semen 
parameters, if any, is restricted to only the most 
extreme cases of obesity [26]. Furthermore, while 
Lotti et al. reported that males with a higher BMI 
may have signs of prostate inflammation—such 
as higher prostate volume, higher levels of inter- 
leukin-8, and color-Doppler ultrasound features 
including macro-calcifications, inhomogeneity, 
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and higher arterial peak systolic velocity—no 
association was found between BMI and semen 
parameters [27]. Thus, although support exists 
for the claim that obesity affects reproductive 
potential, many studies have been published 
showing no connection between BMI and sperm 
parameters, thereby making the link between 
obesity and infertility controversial. The results 
of studies investigating the relationship between 
BMI and semen parameters are summarized in 
Table 3.1. 


Hormonal Abnormalities in Obesity 


While the effect of obesity on semen parameters 
remains widely debated, the hormonal abnormal- 
ities present in individuals with increased BMI 
are better understood. In normal males, the 
hypothalamic-pituitary-gonadal (HPG) axis, a 
neuroendocrine system, ensures that the repro- 
ductive system functions properly. Specifically, 
the hypothalamus secretes gonadotropin- 
releasing hormone (GnRH) which binds to 
receptors connected with G proteins on the 
plasma membrane of pituitary gonadotrophs. 
Such interaction between GnRH and the recep- 
tors facilitates the release of both luteinizing 
hormone (LH) and follicle-stimulating hormone 
(FSH). Subsequently, LH binds to receptors on 
the plasma membrane of Leydig cells, which 
results in the formation of enzymes involved in 
testosterone synthesis. Both testosterone and 
estrogen control LH secretion through negative 
feedback [28]. While proper HPG function has 
been demonstrated in individuals with normal 
BMI, studies have shown that obesity causes dys- 
regulation of the axis by promoting hormonal 
abnormalities. 

In particular, obesity has been associated with 
decreased levels of testosterone and increased 
levels of estrogen in numerous studies, thereby 
suggesting that obesity has an adverse effect on 
the male reproductive system [13, 16, 23-26, 
29-31]. The suggested mechanism by which this 
decreased testosterone:estrogen ratio presents in 
obese individuals is through increased activity of 
the cytochrome p450 aromatase enzyme, which 
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converts androgens to estrogens [32, 33]. More 
specifically, aromatase is an enzyme of the cyto- 
chrome p450 family and it is produced from the 
CYP19 gene. The number of tetranucleotide 
repeats in intron 4 of the gene has been signifi- 
cantly linked to the increased amount of activity 
thereof. In 2010, Hammoud et al. reported that 
among severely obese men, increased aromatase 
activity and estrogen levels were only seen 
among those who had an increased number of 
tetranucleotide repeats [34]. Such a finding sug- 
gests that genetics, rather than obesity itself, may 
be the chief contributor to the abnormal levels of 
testosterone and estrogen in individuals with 
increased body weight. Nevertheless, since many 
studies have not yet examined the genetic influ- 
ence on aromatase, further research is needed to 
determine the exact mechanism of aromatase 
activity in obese individuals. 

Another hormonal irregularity that has been 
reported in obese individuals is an increase in 
leptin levels [16, 23]. Leptin is a protein hormone 
that is controlled by the Ob-gene and secreted by 
adipocytes. Its physiological role in the body is to 
regulate body weight, but the excess levels that 
have been reported in obese individuals can have 
adverse effects, particularly on the male repro- 
ductive system [9, 23, 33, 35]. Two pathological 
mechanisms, direct and indirect, have been pro- 
posed to account for decreased gonadotropin 
secretion and spermatogenesis in obese individu- 
als. Normally, Leydig cells stimulate protein 
kinase A in response to luteinizing hormone and 
promote steroidogenesis. However, under the 
direct pathological mechanism, demonstrated 
most clearly in rats, increased levels of leptin 
cross the blood-testis barrier. Leptin then acts on 
Leydig cells to decrease the steroidogenic factor, 
steroidogenic acute regulatory protein, and ste- 
roidogenic mRNAs, thereby inhibiting testoster- 
one secretion. While leptin’s site of action in the 
direct pathological mechanism is the testis, the 
indirect mechanism involves the hypothalamus. 
Normally, leptin crosses the blood-brain barrier 
through a saturable transport system and binds to 
leptin receptors on kisspeptin neurons in the 
brain in order to stimulate gonadotropin release. 
However, in obese individuals, the increased 
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Table 3.1 Research studies of the effects of BMI on the reproductive system 


Author 


Chavarro 
et al. 


Winters 
et al. 


Zorn et al. 


Martini et al. 


Pauli et al. 


Hofny et al. 


Aggerholm 
et al. 


Fejes et al. 


Hammond 
et al. 


Rybar et al. 


Sallmen 
et al. 


Tunc et al. 


Year 


published Findings related to sperm parameters 


2010 


2006 


2006 


2010 


2008 


2010 


2007 


2005 


2008 


2010 


2006 


2010 


No statistically significant differences in sperm 
concentration, sperm morphology or sperm 
motility for obese males. Only those with a BMI 
greater than 35 had lower sperm count and 
higher DNA damage. 


No relationship was found between level of 
leptin and sperm motility, and morphology. 
Leptin was correlated negatively with sperm 
count but this correlation was not present when 
BMI was used as a control variable. 

Negative association found between BMI and 
motility and rapid motility. No associations 
between BMI and sperm concentration or 
testosterone. 

No correlation between BMI and skinfold 
thickness with semen parameters (density, 
volume, motility, and morphology). Men with 
paternity had lower BMIs and skinfold thickness. 
BMI had positive correlation with abnormal 
sperm morphology and negative correlation with 
sperm concentration and motility. 


Overweight had lower sperm count and 
concentration than normal individuals, but obese 
did not show reduction in sperm count 
surprisingly. None of these differences were 
significant. 

There was a negative correlation between hip 
circumference and sperm concentration Both hip 
circumference and waist circumference were 
negatively correlated with total count and 
motility. Semen volume was correlated with 
waist circumference and waist/hip ratio. 

BMI associated with low sperm concentration 
and low motile sperm count. 

BMI was not significant in affecting sperm 
parameters. 

BMI has a direct negative correlation to sperm 
parameters. 

Oxidative stress did increase with an increase in 
BMI due to increase in seminal macrophage 
activation. But magnitude of increase was small 
since there was no associated decline in DNA 
sperm integrity or sperm motility with increasing 
ROS production. Increased BMI was also found 
to be linked with a fall in sperm concentration. 


Findings related to hormones 


There were inverse associations of BMI 
with serum levels of total testosterone, 
SHBG, and inhibin B, and a positive 
association with serum estradiol level. 


Inhibin B levels declined with increasing 
obesity in young men (26 % lower). 
SHBG and total testosterone were also 
lower with increasing BMI, but FSH/LH 
were unaffected. 


BMI was negatively correlated with 
inhibin B, total testosterone, and SHBG. 


Negative association was found between 
BMI and NAG levels and a positive 
correlation between BMI and fructose 
levels. 


BMI was negatively correlated with 
testosterone, FSH, and inhibin and 
testosterone. BMI was also positively 
correlated with estrogen. 

Obese oligozoospermic had increase in 
BMI, FSH, LH, estrogen, PRL, and 
leptin levels. BMI also had a negative 
correlation with testosterone. 
Testosterone and inhibin B were lower 
in obese men compared to normal men, 
while estrogen was higher. 


BMI and WHR correlated negatively 
with testosterone, SHBG, and 
testosterone: estrogen ratio. 


Increased BMI was also associated with 
a fall in testosterone and an increase in 
estrogen. 


(continued) 
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Table 3.1 (continued) 


Year 
Author published 
Jensen et al. 2004 
Stewart 2009 
Monti etal. 2006 
Lotti et al. 2011 
Shayeb et al. 2011 
Fariello 2012 
et al. 
Hammiche 2012 
et al. 
Sermondade 2012 
et al. 
La Vignera 2012 
et al. 


levels of leptin saturate the blood-brain barrier 
and do not allow the hypothalamus to be suffi- 
ciently activated to release gonadotropins. 
Thus, at the hypothalamic level, it is actually a 


Findings related to sperm parameters 


Men with a BMI higher than 25 had a reduction 
in sperm concentration and total count compared 
to men with BMI between 20 and 25. Percentage 
of normal spermatozoa was reduced in men with 
high BMI but this was not significant. Volume 
and percent motility was unaffected. 


There was a significantly lower sperm 
concentration in obese men, but this was not 
accompanied by significant correlations between 
BMI and any other semen variable. 


While a higher BMI was associated with 
indicators of prostate inflammation, no 
correlation was found between BMI and semen 
parameters. 

Obese men are more likely than those with a 
normal BMI to have a lower semen concentration 
and a lower amount of spermatozoa with normal 
morphology. 


Obese and overweight males had lower 
progressive sperm motility than normal males. 
Moreover, obese males had a higher percentage 
of sperm with DNA fragmentation than 
overweight and normal males. 


Being overweight was negatively associated with 
progressive motility of sperm and being obese 
was negatively associated with ejaculate volume, 
sperm concentration, and total motile sperm 
count using BMI measures. Moreover, a waist 
circumference > 102 cm was inversely associated 
with sperm concentration and total motile sperm 
count. 


Men who were overweight or obese had a 
significantly increased risk of presenting with 
oligozoospermia or azoospermia than men of 
normal weight. 


Overweight and obese men had a significantly 
lower amount of spermatozoa with progressive 
motility and a higher percentage of spermatozoa 
with decondensed chromatin, but only obese men 
showed a lower percentage of normally shaped 
spermatozoa, a lower percentage of viable 
spermatozoa, and a higher percentage of 
spermatozoa with DNA fragmentation. 


K. Khullar et al. 


Findings related to hormones 


Serum testosterone, SHBG, inhibin B 
was decreased with increasing BMI and 
estrogen was increased. 


BMI and obesity had significant inverse 
correlations with SHBG, inhibin B, and 
testosterone. 


Leptin increases and ghrelin decreases 
were linear over five BMI groups. There 
was no threshold of BMI where 
hormone levels change abruptly. 


178-Estradiol and SHBG were 
significantly higher in both overweight 
and obese men compared with those of 
normal weight. 


deficiency of leptin that inhibits gonadotropin 
release despite an excess of the hormone being 
present in the body [33, 36]. More recently, 
Teerds et al. have also posited consequences for 
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Leptin 


Increased activity of 
cytochrome p450 
aromatase enzyme 


Decreased 
testosterone:estrogen 
ratio 


Increased Leptin levels 
cross blood-testis 
barrier 


Leydig cells decrease 
the steroidogenic factor, 
steroidogenic acute 
regulatory proteins, 
steroidogenic mRNA 


Testosterone 
secretion inhibited 


Increased Leptin levels 
saturate blood-brain 
barrier 


Hypothalamus not 
activated 


Gonadotropin 
secretion inhibited 


Fig.3.1 Possible obesity-induced pathological mechanistic pathways for testosterone and leptin 


the elevated leptin levels in obese males based 
upon animal models. Specifically, they suggest 
that increased leptin levels could result in ele- 
vated expression of neuropeptide Y (NPY) and a 
reduction of the stimulatory effect of leptin on 
kisspeptin. Both of these consequences combined 
may adversely affect the HPG axis and male fer- 
tility [30]. The possible pathological mechanistic 
pathways are illustrated in Fig. 3.1. 

Not only are leptin levels disrupted as BMI 
increases, but ghrelin levels are abnormal as well. 
Ghrelin is a hormone that is produced mainly in 
the oxyntic glands of the stomach as well as the 
intestine and, unlike leptin, it plays an important 
role in increasing appetite. Moreover, it also 
influences the male reproductive system through 
its effects on steroidogenesis and testosterone 
secretion. In particular, ghrelin binds to ghrelin 
receptors which are more commonly found in 
the testis than in other locations in the body [37]. 
It has the ability to decrease testosterone secretion 
by inhibiting enzymes involved in steroidogenesis 


such as steroid acute regulatory protein (StAR), 
the P450 cholesterol side-chain cleavage, the 
36-hydroxysteroid dehydrogenase, and the 
176-hydroxysteroid dehydrogenase type 3 
enzymes. In those who are obese, normal func- 
tion of ghrelin is disrupted and low levels of the 
hormone have been reported. While further 
research is needed to determine the precise 
mechanism responsible for this decrease, it has 
been suggested in both animal and human studies 
that testosterone may control the expression of 
ghrelin receptors. Since low levels of testosterone 
are well demonstrated in obese men, such an 
explanation for low ghrelin levels is quite plausible 
(37, 38]. 

Along with testosterone, estrogen, leptin, and 
ghrelin, another hormonal irregularity that has 
been shown in obese individuals is a decrease in 
inhibin B levels [24—26, 29, 31]. Generated by 
Sertoli cells, inhibin B plays a vital role in the 
inhibition of both FSH and testosterone produc- 
tion. Usually, inhibin B binds to the Activin 
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Type II receptor in order to inhibin activin, which 
has a stimulatory effect on FSH. Yet, not all 
activin tissues are deactivated. Rather, it has been 
suggested that inhibin acts in the pituitary by 
binding to p120 and betaglylcan, two newly 
discovered inhibin receptors [29, 39]. In individu- 
als with an increased BMI, the decreased levels 
of inhibin B signals an abnormality in the 
hypothalamic-pituitary-axis (HPA), since the 
reduced amount of inhibin B does not result in the 
expected increase in FSH levels. While the exact 
pathological mechanism is unclear, decreased 
inhibin B levels in obese men have nevertheless 
been associated with abnormal spermatogenesis 
and infertility [25, 40]. More recently, Robeva et al. 
reported a significant decrease in inhibin B levels 
in obese males with metabolic syndrome and 
noted that obesity was independently associated 
with the hormonal disturbances of the syndrome. 
They suggested that the decrease in inhibin B 
was associated with abnormal spermatogenesis, 
thereby further substantiating the link between 
obesity-induced abnormalities in inhibin B and 
male infertility [41]. 

Another hormone which potentially indicates 
obesity-induced abnormalities in the 
hypothalamic-pituitary-testicular axis is resistin. 
Resistin is a protein that has been linked with 
both regulating adipogenesis and promoting 
insulin resistance. Specifically, gene expression 
is stimulated during adipocyte differentiation and 
resistin is secreted by mature adipocyte cells. 
Because resistin is secreted by adipocytes, it is 
unsurprising that some studies have found 
increased levels in obese men. Such an increase 
in resistin levels has been proposed to adversely 
affect male reproduction primarily because 
resistin promotes insulin resistance [7, 10]. 
While the mechanistic pathway of resistin is 
controversial in humans, Luo et al. suggest that 
resistin exerts its effect on HepG2 cells by sig- 
naling the suppressor of cytokine signaling 3 
(SOCS-3) pathway, stimulating the expression 
of glucose-6-phosphatase and phosphoenolypy- 
ruvate carboxykinase, and inhibiting the expres- 
sions of insulin receptor substrate 2 and glucose 
transporter 2. Moreover, resistin suppresses the 
insulin-induced phosphorylation of Akt though 
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an AMPK-independent mechanism [42]. Not only 
is hyperinsulinemia associated with infertility 
and reduced spermatogenesis, but it also affects 
levels of Sex-Hormone-Binding Globulin 
(SHBG), which normally binds to estrogen and 
testosterone to suppress their activity. In obese 
men, studies have reported a decrease in SHBG, 
which amounts to a surplus of circulating estro- 
gen. This excess of estrogen further enhances the 
negative feedback upon gonadotropin release and 
compromises the efficiency of the male repro- 
ductive system [13, 23, 26, 29-31, 43]. 


Physical Ramifications of Obesity 


Not only does obesity adversely affect hormone 
levels, but it is associated with detrimental phys- 
ical effects as well. Two significant physical con- 
sequences of obesity include increased incidence 
of erectile dysfunction and increased scrotal 
temperature. Specifically, erectile dysfunction— 
the inability to achieve or maintain an erection 
during sexual activity—is one of the most prom- 
inent unfavorable physical manifestations of 
increased BMI. Obesity has been linked with a 
30 % greater risk of erectile dysfunction and 
76 % of men with erectile dysfunction or reduced 
libido are overweight or obese [25, 44]. It con- 
tributes to erectile dysfunction through two main 
pathways. First, obesity promotes increased acti- 
vation of the renin-angiotensin system. This sys- 
tem promotes vasoconstriction and disrupts the 
endothelial lining of the penile vasculature, 
thereby causing erectile dysfunction. Second, as 
aforementioned, adipocytokines play an instru- 
mental role in creating chronic inflammation in 
obese individuals and such inflammation can 
promote erectile dysfunction. In particular, IL-6 
and TNF-a disrupt the penile endothelium by 
creating high levels of ROS, which decrease 
Nitric Oxide Synthase (NOS) cofactor tetrahy- 
drobiopterin and delay the hydrolysis of NOS 
inhibitor asymmetric dimethylarginine (ADMA). 
Obesity-induced interference with such mole- 
cules causes erectile dysfunction because nitric 
oxide has been associated with facilitating a nor- 
mal erection [45]. The potential obesity-induced 
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Fig.3.2 Potential 
obesity-induced pathways 
contributing to erectile 
dysfunction 


pathways contributing to erectile dysfunction are 
illustrated in Fig. 3.2. 

Not only is erectile dysfunction a detrimental 
physical manifestation of obesity, but increased 
scrotal temperature is a negative consequence as 
well [31]. Normally, testicular temperature is 
three degrees lower than body temperature and 
helps to promote spermatogenesis; thus, even 
small increases in scrotal temperature—denoted 
as testicular heat stress—can impair male repro- 
ductive function [33, 46]. The adverse effects of 
heat stress on male reproduction is demonstrated 
by a study conducted by Mieusset et al, which 
found that an induction of testicular heat stress 
significantly decreased spermatogenesis, sperm 
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motility, and sperm count [47]. A more recent 
study which furthered these results was con- 
ducted by Hjollund et al. in 2000. This study 
reported that males who had elevated scrotal tem- 
peratures showed decreased sperm concentration 
and sperm count [46]. While many sources of 
testicular heat stress have been proposed, obesity 
has been seen as a major contributor to increased 
scrotal temperature in recent years. Though no 
studies report scrotal temperatures in obese pop- 
ulations, obese males nevertheless accumulate fat 
around the suprapubic region due to their inactive 
lifestyle and excess adipose tissue, thereby poten- 
tially producing a high amount of testicular heat 
stress. Such stress adversely affects reproductive 
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potential by contributing to abnormally low 
sperm parameters [33, 48, 49]. The precise path- 
ological mechanism of heat stress on infertility in 
humans remains unclear, but studies conducted in 
mice suggest that testicular heat stress affects 
spermatogenesis by disrupting junctions in the 
seminiferous tubules and inducing transforming 
growth factor-beta [50]. Thus, obesity plays an 
instrumental role in creating physical barriers— 
erectile dysfunction and testicular heat stress—to 
successful male reproduction. 


Proteomics and Obesity 


While hormonal and physical effects of obesity 
have been investigated heavily in recent years, 
the effects of increased BMI on a molecular level 
remain ambiguous. Nevertheless, recent research 
is starting to elucidate the association between 
proteins and obesity. In particular, a study of the 
sperm proteome by Kriegel et al. found that nine 
sperm proteins were associated with obesity by 
utilizing the difference gel electrophoresis 
(DIGE) technique [51]. Evidence of protein 
involvement in spermatogenesis is furthered by a 
study conducted by Paasch et al. Specifically, this 
study reported increased levels of the eppin pro- 
tein complex (EPC) proteins in obese individu- 
als. The EPC consists of clusterin, lactotransferrin, 
and semenogelin-1 which are attached to the pro- 
teinase inhibitor eppin. These proteins are located 
on both the surface of ejaculate spermatozoa and 
in seminal plasma and have a variety of physio- 
logical functions in male reproduction. These 
functions include protection of sperm, regulation 
of sperm motility, and preparation of sperm for 
capacitation. In obese individuals, covalently 
modified versions of clusterin, lactotransferrin, 
and semenogelin-1 were present. Specifically, 
semenogelin-1! and clusterin were much smaller 
in obese individuals and suggested protein degra- 
dation, but lactotransferrin did not show much 
deviation in molecular weight despite existing in 
a modified form. While the modified forms of 
clusterin and semenogelin-1 in obese individuals 
may contribute to disrupted capacitation and 
inhibited sperm motility respectively, the function 


K. Khullar et al. 


of lactotransferrin in spermatogenesis is unclear 
[52]. Thus, recent proteomic studies in obese 
individuals have established that increased BMI 
adversely affects proteins involved in male repro- 
duction. Nevertheless, further studies are neces- 
sary in order to both validate the aforementioned 
studies and discover additional proteins affected 
by obesity. 


Lifestyle Modifications to Avert 
the Effects of Obesity on Fertility 


While the prevalence of obesity continues to 
increase worldwide and shows no signs of abat- 
ing, obesity is nevertheless considered a prevent- 
able disease. Of the two main contributing factors 
to obesity—genetic and environmental—the 
causal effect of environmental factors is easiest to 
control and modify. Environmental factors con- 
tributing to obesity are entrenched in Western 
culture and are becoming prevalent in many 
developing countries as well. Such factors include 
the calorie-dense foods available in fastfood res- 
taurants and decreased amounts of exercise. 
These factors have all contributed to a sedentary 
lifestyle that is quickly becoming a norm for 
many individuals, and the imbalance between 
physical activity and caloric intake has contrib- 
uted dramatically to the rise in obesity [4, 53]. 
Fortunately, the detrimental effects of obesity can 
be through a variety of lifestyle modifications, 
including both natural or surgical weight loss and 
utilization of aromatase inhibitors. 

One of the most obvious methods by which 
obesity’s unfavorable effects on the male repro- 
ductive system can be averted is through natural 
or surgical weight loss. Natural weight loss—by 
means of exercise, decreased caloric intake, and 
increased nutrition—is considered the optimal 
method to stem the effects of obesity. In particu- 
lar, an increase in androgen and inhibin B levels 
as well as improved semen quality has been 
reported in obese individuals who used the natu- 
ral methods of diet and exercise to lose weight 
[3]. Furthermore, Kaukua et al. reported increases 
in SHBG and testosterone and decreases in insu- 
lin and leptin in obese individuals who followed 
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a very low calorie diet for 4 months. Such 
hormonal changes through natural weight loss 
methods have proved successful in enhancing 
fertility by increasing sperm quality [48, 54]. Not 
only does natural weight loss alleviate hormonal 
regularities induced by obesity, but it also plays a 
role in reversing erectile dysfunction. Specifically, 
Esposito et al. reported that a third of the obese 
men in their study who had erectile dysfunction 
regained sexual function following a 2-year weight 
loss regimen of increased physical activity [44]. 
Thus, while presumably more difficult than other 
methods of weight loss, natural weight loss can be 
achieved and can yield favorable results with 
regard to male reproductive potential. 

While natural weight loss as demonstrated is 
the most favored lifestyle modification to allevi- 
ate obesity, surgical methods can be utilized as 
well when natural weight loss is not feasible. 
A surgical method which has been demonstrated 
to be effective is removal of fat from the testicu- 
lar area and restoring testicular temperature to 
normal levels is scrotal lipectomy. This is demon- 
strated by a study conducted by Shafik and Olfat 
of infertile and fertile male scrotal fat patterns. 
In particular, they found that scrotal lipectomy 
improved sperm quality for 65 % of patients and 
helped 20 % achieve pregnancies [55]. Not only 
is scrotal lipectomy a potential lifestyle modifica- 
tion that can reduce the adverse effects of obesity 
on fertility, but gastric bypass is an effective sur- 
gical weight loss technique as well. While studies 
of gastric bypass in obese individuals have been 
limited, Bastounis et al. found positive results of 
gastric bypass surgery in 1998 when they studied 
a group of morbidly obese patients for a year 
after they had a vertical banded gastroplasty. 
In particular, they found an increase in FSH, tes- 
tosterone, and SHBG levels and a decrease in 
estradiol levels [56]. Although these results indi- 
cate that normal HPA function is restored, gastric 
bypass surgery causes rapid weight loss, which 
can shock the body and halt spermatogenesis 
[57]. In fact, a 2012 study by Lazaros et al. 
alludes to the negative effects of gastric bypass 
through their study of two male patients. These 
two men had been obese and had achieved fertility 
through assistive reproductive technology (ART). 
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However, following bariatric surgery, the patients 
presented with severe oligoasthenospermia and 
azoospermia respectively upon examination for a 
second fertility treatment. Such results indicate 
that bariatric surgery may adversely affect male 
fertility and reduce sperm parameters for up to 18 
months following surgery, but further studies are 
needed to confirm these results [58]. Negative 
effects of bariatric surgery are further suggested 
in a recent study by Sermondade et al. In particu- 
lar, their study found that three obese patients 
who underwent bariatric surgery showed signs of 
severe oligoasthenoteratozoospermia, cryptozoo- 
spermia, and oligozoospermia up to a year fol- 
lowing the surgery [59]. Possible mechanisms for 
such alterations in sperm parameters include a 
disruption of normal GnRH secretion, nutritional 
deficiencies in iron, calcium, and vitamins B4, 
Bız, and Bo, and a massive release of liposoluble 
toxic substances after surgery. Yet, Sermondade 
et al. further reported that the negative results 
may be reversible and that intracytoplasmic 
sperm injection with fresh spermatozoa may be 
successful in restoring fertility [59]. Thus, many 
studies have demonstrated positive effects of sur- 
gical techniques in combating obesity-induced 
male infertility, thereby making it a plausible 
lifestyle modification. Ultimately, however, fur- 
ther studies are needed to determine whether the 
positive hormonal effects outweigh the negative 
effects of gastric bypass on male fertility that 
have been reported in patients shortly after the 
procedure [31]. 

Although attempting surgical or natural 
weight loss is a prominent lifestyle modification 
that can alleviate the obesity and its potential 
adverse effects on infertility, utilizing aromatase 
inhibitors is another relatively new method that has 
been proposed. As aforementioned, the aromatase 
cytochrome p450 functions in adipose tissue to 
convert androgen to estrogen [32, 49]. The over- 
activity of this enzyme disrupts the HPG axis by 
creating large amounts of estrogen and altering 
spermatogenesis by negatively regulating the 
release of GnRH from the hypothalamus [60]. 
By contrast, aromatase inhibitors—such as anas- 
trozole, letrozole, and testolactone—counteract 
the effects of aromatase and the decreased 
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testosterone:estrogen ratio [32]. For instance, a 
study by Zumoff et al. found that in obese patients 
who were treated with testolactone, the effects 
of hypogonadotropic hypogonadism were allevi- 
ated and normal HPA function and spermatogen- 
esis were restored [61]. More recently, Elkhiat 
et al. made further suggestions about the role of 
aromatase inhibitors in alleviating obesity- 
induced male infertility. Specifically, they pos- 
ited that while high doses of aromatase inhibitors 
may not improve semen parameters, low doses 
may be advantageous due to the minimal thresh- 
old of estrogen required for spermatogenesis. 
They furthered that aromatase inhibitors were 
particularly beneficial for inducing spermato- 
genesis in nonobstructive azoospermia and may 
help those males who are obese and have low 
testosterone, high estradiol, or a reduced 
testosterone-estradiol ratio [62]. Hence, while 
aromatase inhibitors have not been widely stud- 
ied in males, there have nevertheless been indi- 
cations that such pharmacological interventions 
may be useful in treating the effects of obesity 
that are mediated through increased aromatase 
activity [61]. 


Conclusion 


Thus, the rise of obesity worldwide combined 
with the trend of decreasing semen quality has 
caused researchers to posit a potential link 
between obesity and male infertility. Yet, research 
has not yielded consistent results regarding the 
extent to which obesity affects male reproductive 
potential. While investigation of the mechanisms 
for obesity-induced hormonal abnormalities is 
ongoing, numerous studies have nevertheless 
substantiated that decreased testosterone, ghre- 
lin, inhibin B as well as increased estrogen, resis- 
tin, and leptin levels are present in obese males 
[10, 16, 23, 25, 26, 29, 37]. Some of the better 
understood hormonal mechanisms that may neg- 
atively impact spermatogenesis include aroma- 
tase overactivity, hypothalamic-based leptin 
insufficiency and direct leptin saturation in the 
testis, ghrelin-induced inhibition of StAR and 
B-hydroxysteroid dehydrogenases, and the 
stimulation of the SOCS-3 pathway by resistin 
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(33, 34, 36, 37, 42]. Although such abnormalities 
alter the HPA, these changes do not necessarily 
alter sperm potential, as demonstrated by studies 
such as those conducted by Pauli et al., Rybar 
et al., and Martini et al. [6, 15, 25]. 

While obesity-induced hormonal abnormali- 
ties may not affect sperm quality, increased BMI 
can nevertheless inhibit male reproduction by its 
adverse physical and proteomic effects. With 
regard to detrimental physical ramifications, 
both erectile dysfunction and increased testicular 
temperature cause infertility and have been asso- 
ciated with obesity [31]. While obesity promotes 
erectile dysfunction through both stimulation of 
the renin-angiotensin system and disruption of 
proper nitric oxide function, it also may lead to 
increased scrotal temperature due to accumula- 
tion of adipose tissue around the suprapubic 
region [33, 45, 48]. Not only does obesity have 
unfavorable physical effects that contribute to 
infertility, but its effects on the sperm proteome 
may impair male reproductive potential as well. 
While further investigations are needed, increased 
levels of modified clusterin, lactotransferrin, and 
semenogelin- 1—which are part of the EPC—have 
been implicated in decreasing sperm quality [52]. 
Because obesity-induced hormonal abnormali- 
ties, physical alterations, and proteomic changes 
have been reported to adversely affect male 
reproductive potential, it is important to elucidate 
methods by which the detrimental effects of obe- 
sity can be averted. Fortunately, there are three 
main lifestyle modifications—natural weight 
loss, surgical weight loss, and the aromatase 
inhibitors—that have been implicated in restor- 
ing normal hormone levels and improving repro- 
ductive potential. In particular, natural weight 
loss is considered the most favorable to combat 
obesity and has led to increases in testosterone, 
SHBG, and inhibin B as well as decreases in 
leptin and insulin [3, 54]. Moreover, natural 
weight loss and increased physical exercise can 
also help reverse erectile dysfunction [44]. 
Similarly, studies report that surgical weight loss 
techniques, such as scrotal lipectomy and gastric 
bypass, improve semen quality and normalize 
FSH, testosterone, SHBG, and estradiol levels 
respectively. While both natural and surgical 
weight loss have demonstrated positive results in 
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alleviating the effects of obesity, natural weight 
loss is able to avoid the potential inhibition of 
spermatogenesis and the adverse effects on sperm 
parameters that are caused by rapid weight loss 
ensuing from some of the surgical techniques 
[55, 56, 58, 59]. Not only is weight loss an impor- 
tant lifestyle modification that can be made to 
mitigate the detrimental effects of obesity, but 
pharmacological interventions can be made as 
well. Although studies have been limited, 
researchers have nevertheless have made prog- 
ress in demonstrating the favorable effects of aro- 
matase inhibitors [32, 62]. Hence, while there 
have not been consistent reports about the effects 
of obesity on infertility, a detailed understanding 
and continued investigation of the adverse effects 
to obesity, underlying mechanisms, and lifestyle 
modifications may have important clinical impli- 
cations, such as improving semen quality and 
decreasing the burgeoning rates of male factor 
infertility [48]. 
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Marzo Edir Da Silva-Grigoletto, Asghar Abbasi, 
and Juan Manuel Garcia Manso 


Introduction 


While there is an increasing trend in engaging in 
physical exercise activities, not having adequate 
knowledge on how to perform these activities 
might, on occasion, lead to negative side effects 
(lesions, pathologies, etc.) that may even result in 
a wide variety of problems relating to several sys- 
temic processes such as osteomuscular injuries, 
blood pressure, and overtraining syndrome. On 
the contrary, with an adequate knowledge, physical 
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exercise may promote many benefits when per- 
formed on a regular and adequate basis. 

While it is known that the effects of lifestyle 
such as smoking, poor diet, alcohol abuse, obe- 
sity, psychological stress, and sedentary habits 
are important factors affecting male reproductive 
performance and fertility and may have an impact 
on the fertility of their offspring [1], little is 
known about the beneficial and deleterious 
effects of physical exercise and sports on repro- 
ductive performance. While several investigators 
have demonstrated that prolonged exhaustive 
exercise may lead to adverse effects on physio- 
logical systems and particularly the reproductive 
system and fertility [2-5], others believe that 
regular exercise affects an individual’s general 
health and well-being. Researchers have empha- 
sized during the last decade the deleterious effect 
of exercise on reproductive functions in males 
[6, 7]. It has been observed that particularly 
exhaustive endurance exercise may exert a nega- 
tive effect on reproductive hormones [5, 7—9] and 
semen parameters [3, 5, 7, 10, 11]. It has been 
recently demonstrated that intensified exercise 
can cause oxidative stress and DNA damage in 
spermatozoa of male athletes [12, 13]. 

While exercise volume was firstly hypothe- 
sized to be the variable most affecting reproduc- 
tion [10, 14], later studies suggested that the 
effects of exercise intensity on male fertility 
were, at least, comparable with regard the delete- 
rious effects induced [7, 15]. Depending on the 
exercise modalities, there may be other parame- 
ters adding to this equation as can be bike saddles 
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which impose great deal of friction [16]. Some 
others just seem to consider exercise as poten- 
tially harmful in the case of a previous existing 
pathology related to the reproductive system 
[17, 18]. However, from a scientific standpoint, it 
is extremely complex to establish a clear and 
unequivocal affirmation of this interrelation due 
to the fact that male reproductive parameters are, 
“per se,” the subject of ample variety [19]. The 
reproductive system is, without any doubt, a 
complex system on which many factors act upon. 
So, the notorious lack of consensus about the 
aforementioned relationship or interdependence 
is probably due to the fact that different parame- 
ters were used during the training sessions that 
athletes underwent. 

Yet, some research exists in relation to poten- 
tial beneficial effect of physical fitness on repro- 
duction. In this sense, Vaamonde and colleagues 
have recently reported better semen parameters 
and hormonal levels in physically active subjects 
when compared to sedentary people [20]. 

Therefore, the aim of the present chapter is 
to review the impact of physical exercise on male 
fertility. 


Physical Activity and Exercise 


It is necessary to have a basic understanding 
regarding physical activity and exercise as well 
as the different parameters and types of exercise 
in order to more easily follow the information 
offered in the chapter. We must bear in mind that 
physical activity and physical exercise and sports 
training have different connotations, require- 
ments, development, and objectives. Physical 
activity is any type of movement that requires 
muscle contraction. This includes daily activities, 
such as gardening, walking, going up and down 
the stairs, housework, and everything else done 
throughout the day. Exercise, while it is a physi- 
cal activity, is a very specific form of it. It is a 
purposeful and planned form of activity and is 
performed with the intention of acquiring health 
benefits and increasing fitness level. Exercise 
includes activities such as swimming, running, 
cycling, as well as other types of sports. Most of 
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the papers to be discussed in this chapter will 
deal with sports training and to a lesser extent 
with physical exercise. The main two types of 
exercise which differ in several aspects, primarily 
the metabolic route used, are endurance exercise 
and strength exercise. 

Endurance training is based on increasing 
stamina and the ability to endure a sports activ- 
ity. It predominantly trains the aerobic system 
instead of the anaerobic. It involves many sys- 
temic processes and events as it induces many 
central and peripheral physiological adaptations. 
Catabolic and oxidation events are crucial in 
these types of athletes so as to increase the 
capacity to use fat and glycogen to meet ener- 
getic demands (glycogenolysis, glycolysis, and 
lipolysis) as well as greater efficiency in oxygen 
transport and distribution. Typical examples of 
endurance sports are long-distance running 
events, cycling, and swimming. Combinations of 
these sports such as duathlon and triathlon are 
also endurance sports [21]. 

Strength training deals with using some sort of 
resistance (weights, body weight, rubber bands, 
etc.) with the objective of producing muscular 
contractions for increasing strength, anaerobic 
endurance, and muscle size. It is primarily an 
anaerobic activity which provides significant 
functional benefits and thus promotes health 
improvement, especially related to bone and mus- 
cle metabolism and hormonal responses. Typical 
sports based on strength training are bodybuild- 
ing, weight lifting, and powerlifting. 


Parameters 


There are several parameters that are important to 
take into account with regard to sports training. 
These will be discussed subsequently. 

Training load is the quantitative amount of 
work developed during training. It mainly implies 
the degree of stimulation imposed on the body 
and that will lead to a series of changes and adap- 
tations. Training load entails physical and mental 
activities performed by the sportsman in order to 
develop capacities and the addition of all training 
effects on organism. 


4 The Impact of Physical Exercise on Male Fertility 


Training volume is the amount of work 
performed (kilometers covered, kilograms lifted, 
number of repetitions, etc.). Training volume is a 
key element to be defined for further training 
planning (number of sessions, number of exer- 
cises per trained muscle group, sets per each 
exercise, repetitions per set, duration of recovery 
phases, etc.) [22]. 

Training intensity on the other hand refers to 
the qualitative element of physical work. It is 
how “hard” the athlete will perceive the exer- 
cise. It is normally expressed as percentage of 
variables such as maximal oxygen uptake 
(VOsmax), heart rate (HR), and one repetition 
maximum (1RM). 

Training density expresses the relation 
between effort duration and recovery duration 
[23]. This applies to intra-session (taking recov- 
ery times between repetitions) density or inter- 
session density (recovery time between different 
training sessions or sets) [24]. Training density 
will affect both acute and chronic responses 
induced by exercise. 


Effect of Exercise on Male Fertility 


The hypothalamic-pituitary-gonadal (HPG) axis, 
which is regulated by a negative feedback system, 
is central to male reproduction. The male gonads, 
namely, the testes, are responsible for production 
of steroid hormones, mainly testosterone and 
sperm production. Testosterone, in turn, is the 
major regulatory hormone [25]. Gonadotropin- 
releasing hormone (GnRH) is secreted in a pulsa- 
tile manner by the hypothalamus and stimulates 
the release of the following hormone: luteinizing 
hormone (LH) and follicle-stimulating hormone 
(FSH). LH is responsible for testosterone secre- 
tion by the Leydig cells, while FSH is fundamen- 
tal for proper spermatogenesis. Any alteration 
in this system may have an impact on fertility. 
With regard to the effect of exercise on male fer- 
tility, much controversy still exist as many studies 
have resulted contradictory; some have not 
reported any changes in semen parameters [26, 27], 
while significant changes have been reported by 
others [3, 5, 10, 15, 28, 29]. Both the negative and 
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positive effects of exercise on male fertility will 
be subsequently discussed. 


Negative Effects 


Regardless of the many known health benefits of 
exercise, there is growing evidence and concern 
that exercise, especially when excessively prac- 
ticed, may lead to adverse effects on physiologi- 
cal systems and in particular the reproductive 
system and fertility [2, 4]. Research has linked 
sports activities to a condition referred to as 
“exercise-related female reproductive dysfunc- 
tion,’ characterized by luteal phase defects, 
amenorrhea, anovulation, and infertility in 
females [30]. In males, research has resulted in 
controversial results as semen samples show 
much variation and study designs have not always 
been proper. Yet, it seems possible that exercise 
could be an underlying cause in male infertility, 
especially in cases of idiopathic infertility. The 
pathological aspects of physical exercise on male 
reproduction are summarized in the remainder of 
this section. 


Resistance Exercise 


Steroids 

It must be noted that this modality of exercise is 
specifically the one closely related to anabolic 
steroid use, and therefore, one should be cautious 
about it. While there are many doping substances 
that may be used by athletes and exercising peo- 
ple to increase performance and physical fitness 
and appearance, anabolic steroids are used in 
resistance training as the goal of this type of 
training is to increase muscle strength and size. 
The anabolic effects of steroids are intimately 
linked to androgenic effects. 

Due to the fact that their use is rather exten- 
sive among many athletes, the dangerous side 
effects they pose to fertility and reproductive 
potential must be explained. Therefore, the 
effects of these compounds will be included 
throughout the different sections of this part of 
the chapter. 
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Hormonal Effects 

The effect of resistance training on hormonal 
parameters is of anabolic nature; therefore, as 
expected there is an increase in testosterone. In 
fact, testosterone mediates anabolic responses 
through two pathways: one directly stimulating 
protein synthesis and muscle growth and the 
other (indirect one) by increasing GH release and 
increasing muscle force through interactions with 
the nervous system [31]. The acute effects of a 
single session of resistance training are generally 
an increase in testosterone. Resistance training 
seems to induce an increase in both frequency 
and amplitude of testosterone secretion [31]. This 
increase in testosterone is related to recruitment 
and activation of large muscle groups or to 
moderate-to-high volume training [32]. As part 
of chronic adaptations, there is also an increase in 
testosterone, unless training becomes excessive, 
and such increase accompanies greater muscle 
and strength development [33]. 

Although most studies report an increase in tes- 
tosterone secretion after resistance training, Arce 
and colleagues found lower levels of total and free 
testosterone both in endurance- and resistance- 
trained athletes when compared to sedentary con- 
trols; therefore, these authors postulated that both 
training types similarly produce modifications on 
male reproductive hormones [10]. 

When anabolic steroids come into play (i.e., 
oxandrolone, methandienone, stanozolol, nan- 
drolone decanoate, and boldenone undecylenate), 
the result is clearly a hindered secretion of 
endogenous testosterone precisely due to the 
negative feedback that regulates the reproductive 
hormones [34]. 


Seminological Effects 

Although to date, to the best of our knowledge, 
there is only one study reporting sperm quality as 
a result of resistance training under physiological 
(nonsteroid taking) conditions, there are some 
reports on the effect of concomitant use of 
androgenic-anabolic steroids (AAS) along with 
resistance training. Arce and colleagues showed 
that, contrary to what happened with endurance 
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athletes, no alterations were found for sperm den- 
sity, motility, and morphology or in vitro cervical 
mucus sperm penetration [10]. 

In the case of AAS use, first we need to be 
aware that many AAS abusers do not disclose 
taking them and that they normally take other 
substances along with AAS (aromatase inhibi- 
tors, antiestrogens, and human chorionic gonado- 
tropin (hCG)) in hopes of counteracting the 
undesirable effects of AAS abuse, such as hypo- 
gonadotropic hypogonadism and gynecomastia, 
and to avoid detection of their use [35, 36]. 
Moreover, hCG and clomiphene are sometimes 
concurrently used as they stimulate endogenous 
testosterone production and prevent testicular 
atrophy [37]. 

Nevertheless, when intake of AAS reaches 
supraphysiologic levels, they cause a decrease in 
FSH, LH, and endogenous testosterone as they 
exert negative feedback on the HPG axis. This in 
turn may result in alterations in the testes (atro- 
phy, hypogonadotropic hypogonadism) and sper- 
matogenesis (azoospermia, oligozoospermia, 
mobility alterations, and increased number of 
morphological anomalies, especially of the head 
and midpiece) [34, 36, 38-40]. In rats, testes 
weights and other sperm parameters were 
decreased, while apoptosis in cells of the male 
germ line was increased when nandrolone dec- 
anoate was administered concurrently with exer- 
cise [41]. Although the exercise model employed 
was swimming which is a typical endurance 
activity, it was worth including the study under 
this section as endurance athletes rarely ever take 
AAS in supraphysiologic doses, which would be 
needed for a negative effect. 

Some studies have reported the spontaneous 
recovery of spermatogenesis within 4—6 months 
following termination of AAS use [42], while oth- 
ers have reported a period of 3 years or longer 
[43]. This difference in time could possibly be 
due to the different AAS and combinations used. 
Therefore, it is easily understood that it is difficult 
to clearly determine the effects of AAS use and 
especially regarding time and outcome or recovery 
of spermatogenesis [34]. 


4 The Impact of Physical Exercise on Male Fertility 


Endurance and Ultra-endurance 
Exercise 


Hormonal Effects 

It has been reported that both hypothalamic and 
testicular endocrine functions may be suppressed 
during acute and prolonged physical exercise. 
The exercise-induced suppression of serum tes- 
tosterone is associated with suppressed endoge- 
nous GnRH stimulation of gonadotropin release 
during exercise [44]. Qualitatively and quantita- 
tively normal spermatogenesis is critically depen- 
dent on an intact HPG axis as androgens are 
essential for the initiation and maintenance of 
normal spermatogenesis. 

It must be highlighted that the different param- 
eters of exercise training may have a different 
impact on hormonal behavior. As such, we begin 
discussing the different studies with regard to 
training volume. We shall begin with studies in 
which athletes were covering low-to-medium 
training volume. 

With regard to running, of the many studies 
assessing hormonal behavior in endurance sports, 
many of them reported changes in either free tes- 
tosterone (FT) or total testosterone (TT) that 
were not significant [6, 27, 45]. On the other 
hand, another set of studies have found a signifi- 
cant decrease in total testosterone [26, 46, 47] 
and in free testosterone [47]. 

From the studies performed with runners with 
a high training volume, the following ones should 
be highlighted. 

TT was diminished in the studies by Roberts 
and colleagues [48] and De Souza et al. [6], the lat- 
ter also finding decreased FT. In a study by Arce 
and colleagues, endurance-trained and resistance- 
trained athletes presented with significantly lower 
levels of total and free testosterone, compared with 
sedentary controls [10]. Several studies used serial 
sampling in assessing hormonal behavior with 
contradictory results; while MacConnie and 
colleagues [49] found lowered LH but normal 
TT, Hackney and colleagues [50] found lowered 
FT and TT but no differences in either pulse 
frequency or amplitude in LH secretion. 
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Later on, Hackney and colleagues [51] 
reported that endurance training produces an 
increased response of prolactin (PRL) and an 
attenuated release of LH from the pituitary gland. 
Such alterations may have a direct effect on the 
functional status of the HPT axis, resulting in the 
suppression of testosterone basal levels in the 
group of trained subjects. However, in their study 
PRL and LH responses were produced by exog- 
enous dopamine and GnRH administration, and 
thus, this exogenous administration may interfere 
with the effects of exercise itself. 

Most of the studies have not assessed LH; the 
studies that have assessed it have shown that this 
hormone stays unaltered or slightly varies with 
changes that do not reach statistical significance 
[47, 50, 51]; other studies have shown that there 
are significant changes but either just in ampli- 
tude [52] or just in frequency [49]. 

In cycling, results have also been vague and 
controversial; while Lucia and colleagues [11] 
found no significant differences in hormonal pro- 
files of cyclists, a study by Fernandez-Garcia and 
colleagues [53] showed decreased T values in 
relation to the competition period. 

On the other hand, in elite swimmers, differ- 
ences in hormonal levels (T and C) have not been 
observed when increasing training load for a 
4-week period [54]; other authors observe a 
decrease in the hormone during exercise revert- 
ing to initial values during recovery phase [55]. 

When taking intensity as the main differential 
parameter, it can be observed that this parameter 
may exert an influence on hormonal profiles. 

In one of the most comprehensive and con- 
trolled studies to date on the effect of exercise on 
the reproductive hormones and semen quality, 286 
subjects were submitted to either a moderate- 
intensity exercise (60 % of VObomax) or a 
high-intensity exercise (80 % of VOomax) group [5]. 
Exercise duration was 60 weeks with 5 weekly 
sessions of 120 min of treadmill running; after- 
wards, a 36-week low-intensity recovery period 
followed. In both exercise conditions, testoster- 
one, LH, and FSH began to decrease from 12 
weeks onwards, while sex hormone-binding 
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Fig. 4.1 The most relevant hormones analyzed related to 
the effect of intensive endurance exercise over a 2-week 
period. [Reprinted from Vaamonde D, Da Silva ME, 


globulin (SHBG) increased. LH and FSH 
responses to a GnRH stimulation test were blunted 
[5]. It must be noted that hormones returned to 
baseline values after the recovery period. 

In a previous study, physically active subjects 
were submitted to maximal-intensity exercise for 
a short period of time (2 weeks) observing altered 
values of FSH, LH, PRL, DHEA, and cortisol 
though no significant changes were observed 
for testosterone, progesterone, or estradiol. After 
3 days into recovery, hormones returned to pre- 
training values [7] (Fig. 4.1). 

Although it could be seen in this study, as well 
as in the Safarinejad study [5], that the observed 
change in hormonal values was transient and 
returned to normal ranges, if exercise does not 
include enough recovery periods or becomes 
chronic instead of acute in nature, then changes 
may be non-reversible, especially when dealing 
with athletes that start training at a pre- or peripu- 
bertal age. 

Ultra-endurance exercise can manifest positive 
physiological adaptations in the cardiovascular 
and hematopoietic systems and body composition, 
but can also adversely affect the neuroendocrine 
system and reproductive health [9, 56]. 
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Poblador MS, Lancho JL. Reproductive profile of physi- 
cally active men after exhaustive endurance exercise. Int J 
Sports Med. 2006;27:680-9. With permission from Thieme] 


Although most research assessing the effects 
of exercise on reproductive health has focused on 
endurance-trained athletes, some of the most 
recent studies have looked at male ultra- 
endurance-trained athletes. For example, men 
exposed to chronic ultra-endurance training for 
competition by running or cycling 10-20 h a 
week have been shown to present a hypogonadal 
state with low basal-resting testosterone levels 
[57]. Literature describing male endocrine status 
across a range of exercise durations and intensi- 
ties is sparse, but would be important to better 
characterize the point at which adverse effects on 
the neuroendocrine system and male reproduc- 
tive health might occur. More recently, the work 
by Fitzgerald and colleagues showed that triath- 
letes have significantly lower amounts of estra- 
diol and testosterone as compared with cyclists 
and recreationally active men [8], although pre- 
vious studies by Lucia and colleagues [11] did 
not find differences. As a conclusion, testoster- 
one levels have been found to be lower among 
highly trained endurance athletes than among 
resistance-trained or control subjects, introduc- 
ing the possibility of exercise-related sex hor- 
mone dysfunction [58, 59]. We must not forget 


4 The Impact of Physical Exercise on Male Fertility 


Fig.4.2 Correlation 
between sperm morphology 
and weekly training 
volume of cycling. 
[Reprinted from Vaamonde 
D, Da Silva-Grigoletto 
ME, Garcia-Manso JM, 
Cunha-Filho JS, 
Vaamonde-Lemos 

R. Sperm morphology 
normalcy is inversely 
correlated to cycling 
kilometers in elite 
triathletes. Rev Andal Med 
Deporte. 2009;02:43-6. 
With permission from 
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that glucocorticoids, which may be increased in 
athletes, provoke direct inhibitory actions on the 
number of LH receptors in the Leydig cells, thus 
altering steroidogenesis [60]. 

It seems clear that both intensity and volume 
may affect the hormonal response. When observ- 
ing the disparity in results, it is clear that a con- 
sensus in the study design needs to be reached as 
there is much heterogeneity in the sample chosen 
or the type of intervention, etc. At any rate, we 
must not forget that hormones are integrated in a 
complex inhibitory and stimulatory loop. 


Seminological Effects 

With regard to semen, there is no clear consensus 
either regarding the effects that endurance exer- 
cise produces upon sperm production yet evi- 
dence exists that it can alter spermatogenesis and 
sperm output. It seems clear that long-term 
exhaustive exercise can lower sperm quality and 
the potential for reproduction [3, 28]. 

In runners, some studies report alterations in 
seminal quality, with even up to 10 % of the sub- 
jects from the study exhibiting severe oligosper- 
mia [26]; on the other hand, other authors 
postulate that there is no alteration or, if any alter- 
ation exists, it would not reach clinical signifi- 
cance despite the existing difference between 
runners and control subjects [10, 14, 27, 46]. 
Some authors have reported an increase in non- 
sperm cell elements, such as round cells [10], 


T T T T T T T T T 
250 275 300 325 350 375 400 425 450 


km/week 


which would be indicative of possible infection 
and/or inflammation. It seems evident that sub- 
jects with a higher training volume showed greater 
differences than those undergoing a lower volume 
when compared to control subjects [14]. A mini- 
mum running volume of 100 km/week for athletes 
to exhibit differences in semen parameters has 
been hypothesized [10]. Yet, some have reported 
that intensified training during 6 weeks (gradual 
increase to 186 % of normal training) followed by 
2 weeks of detraining (50 % of normal training) 
does not seem to alter sperm count, motility, and 
morphology [61]. Another study reported altera- 
tion in sperm density, motility, and morphology as 
well as in the in vitro cervical mucus sperm pene- 
tration test [10]. Consistently, Safarinejad and col- 
leagues observed significant decline in semen 
parameters in high-intensity exercise group com- 
pared to those athletes exercising at moderate 
intensity. Interestingly enough, all of the above- 
mentioned parameters improved to their pre- 
exercise levels during the recovery period [5]. 

When dealing with high-level athletes that 
have been training for years (those regularly 
involved in competitions), it would be, at least, 
difficult to estimate the threshold to start observ- 
ing abnormal semen parameters. Nevertheless, 
high cycling volume relates to sperm morphol- 
ogy alterations [28, 62]. A volume of 300 km/ 
week in cycling correlates with serious alterations 
in sperm morphology [28] (Fig. 4.2). 
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In cyclists, lower sperm motility (46.2 + 19.5 %) 
has been observed during periods of competition 
when compared to other groups (recreational 
marathon runners and sedentary subjects) during 
their respective competition periods (P<0.05) or 
with themselves during the other two periods of 
study (P<0.01) [11]. Another study highlighted 
the fact that long-distance competitive cyclists 
had a significantly lower proportion of spermato- 
zoa with normal morphology and a significantly 
higher proportion of morphologically abnormal 
tapered forms compared to controls (no signifi- 
cant difference in semen volume and sperm motil- 
ity, viability, and concentration was observed) 
[29]. Even recreational athletes who modify train- 
ing and exercise to the point of exhaustion showed 
altered seminological and hormonal values [7]. 
Exercise seems to act as an aggravating factor in 
the case of men who present with a previous 
pathology, such as varicocele, and whose sperm 
parameters may be already affected by such 
pathology [17]. 

Ina study using rats, the authors have observed 
that, after submitting them to a swimming stress, 
their reproductive capacity is maintained; like- 
wise, the morphology of the newborns is kept 
unaltered; however, the number of spermatids is 
reduced [63]. A study by Manna and colleagues 
[64], using also rats as study subjects, shows not 
only a decrease in spermatids but also a decrease 
in other sperm cells in different stages. The same 
authors report also a decrease in serum hormones, 
enzymes involved in the processes of hormone 
conversion, and protective agents against oxida- 
tive stress such as catalase and others. Vaamonde’s 
group has also observed, in mice submitted to 
forced swimming stress, that there is alteration in 
morphology in the exercising group although this 
can be prevented by antioxidant supplementation 
with trans-resveratrol [65]. 

In ultra-endurance, a study comparing men par- 
ticipating in three different training modalities 
(physically active men, water polo players, and tri- 
athletes) showed that sperm concentration/number, 
velocity, and morphology were significantly differ- 
ent among the different groups. Morphology 
showed the greatest difference among the groups 
(<5 % normal forms in the triathlete group) [3]. 
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Moreover, Ironman triathletes have been shown to 
exhibit systemic oxidative damage as a result of 
training and competition [66]. 

Erectile dysfunction (ED) or impotence, 
greatly associated with cycling, has also been 
attributed to continuous strenuous exercise [16] 
as friction from the bike saddle may induce 
microtrauma and compression. 

It is easily understandable that inherent 
parameters of exercise such as type, volume, and 
intensity seem to play a role, alone or in combi- 
nation in the equation of exercise and fertility; 
therefore, they must be carefully analyzed. 

As in the case of the studies assessing hor- 
mones, training volume and intensity were vari- 
able in the studies assessing seminal quality. 
Despite this inconvenience, it seems evident 
that subjects with a higher training load (volume 
and/or intensity) showed greater differences. 
As already stated the deleterious effects may not 
be reversible if athletes have been training for 
many years or started training at a pre-or peripu- 
bertal age. 


Oxidative Stress Biomarkers 

and DNA Damage 

There is only little information regarding the 
pathological effects of exercise on oxidative 
stress biomarkers in male individuals. Just 
recently it was shown that elite athletes have sig- 
nificantly higher resting seminal 8-isoprostane, 
reactive oxygen species (ROS), malondialdehyde 
(MDA), and sperm DNA fragmentation and 
lower SOD, catalase, and TAC levels, as com- 
pared with recreationally active and nonactive 
men. A significantly positive correlation was 
reported between sperm DNA fragmentation 
with VOomax,, Seminal 8-isoprostane, ROS, and 
MDA levels by these investigators. This suggests 
that elite athletes are more vulnerable to sperm 
dysfunction as compared to men who are exercis- 
ing recreationally as well as sedentary people 
[13]. Vaamonde’s group, in a preliminary study, 
has found that, as happened with sperm morphol- 
ogy, cycling volume directly correlates to sperm 
DNA damage. Therefore, athletes showing the 
greatest sperm DNA damage had systematically 
undergone higher annual mean weekly training 
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volume [12]. Moreover, some authors report 
altered leukocyte number in athletes, especially 
in overtrained subjects, and changes in immune 
response [67]. 

It must be noted that there are some sports 
(soccer, basketball, rugby, handball, etc.) that are 
mixed modalities. In these cases, there have been 
reports of both hormones and semen parameters 
and that exercise may act as aggravating factor 
when there is a previous pathology [17, 18]. 
However, in these sports it is difficult to establish 
clear relationships between the different parame- 
ters and even with regard to the metabolic route 
employed. Therefore, more studies are needed in 
these sports to clarify the relationship. 

It seems clear that intensity, as well as volume, 
may affect the hormonal and seminological 
response. Moreover, the other parameters and 
characteristics inherent to training may also play 
a role. In line with this, the subjects’ own charac- 
teristics and how their adaptive systems are pre- 
pared for the challenge will determine the final 
response. Due to the fact that exercise may pro- 
duce or aggravate previously existing, reproduc- 
tive profile pathologies, such as hormonal and 
seminological alterations, it would be appropri- 
ate to further assess this relationship. 


Positive Effect 


It is widely known that regular exercise promotes 
beneficial effects on the cardiorespiratory sys- 
tem, immune system, endocrine system, brain, 
muscle, and other organs and provides protection 
from several diseases including obesity, cardio- 
vascular disease, diabetes, osteoporosis, and 
chronic systemic inflammation. It seems that the 
reproductive system may also benefit from exer- 
cise as well. 


Resistance Exercise 


There are a number of reasons why it could be 
beneficial to manipulate the concentrations of 
circulating anabolic hormones and the anabolic- 
to-catabolic hormone ratio in men. From the 
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perspective of an athlete, an increase in anabolic- 
androgenic hormones can improve performance 
by decreasing body fat and increasing lean body 
mass and muscular strength [68]. Muscle adapta- 
tion to exercise is strongly influenced by anabolic 
endocrine hormones and local load-sensitive 
autocrine/paracrine growth factors. GH, IGF-I, 
and testosterone (T) are directly involved in mus- 
cle adaptation to exercise because they promote 
muscle protein synthesis, whereas T and locally 
expressed IGF-I have been reported to activate 
muscle stem cells [69]. In fact, administration of 
T improves lean body mass and maximal volun- 
tary strength in healthy older men [69]. 

Heavy resistance training can actually increase 
the production of testosterone, which can exhibit 
a secondary effect on other hormones that con- 
tribute to fertility in men. The acute testosterone 
(T) response to resistance exercise is character- 
ized by a brief increase followed by a decline to 
resting (or even below resting) concentrations 
(70, 71]. 

A study by Tremblay and colleagues showed 
an increase in total testosterone levels after a bout 
of resistance exercise followed by a pronounced 
decline in total testosterone during recovery from 
resistance exercise. Free testosterone was signifi- 
cantly greater during the resting session than dur- 
ing the run or resistance exercise session. As seen 
with total testosterone, there was a significant 
decline in free testosterone during recovery from 
resistance exercise, despite an initial increase 
after exercise. Testosterone increased back to 
baseline levels by time 4 (4.5 h) after resistance 
exercise [72]. In the same study, the resistance 
exercise session resulted in greater LH concen- 
trations than either the resting or the run sessions. 
Moreover, in the resistance-trained subjects there 
was a Significant increase in LH that was main- 
tained during the recovery period after perform- 
ing a resistance training session. An acute bout of 
low-intensity resistance exercise significantly 
increased blood testosterone levels in male sub- 
jects [73]. Resistance-trained subjects have been 
shown to have higher basal testosterone levels 
[74, 75]. Testosterone concentrations have been 
shown to increase after an acute bout of resis- 
tance [76]. One season of resistance exercise has 
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also been shown to increase immunoreactive 
growth hormone (iGH) in recreationally 
resistance-trained men [77]. 


Endurance and Ultra-endurance 
Exercise 


Hormonal Effects 

The majority of studies exploring the effects of 
exercise on androgens have focused on acute 
effects in short-term exercise protocols, and most 
of these demonstrate that exercise bouts are asso- 
ciated with an initial increase followed by a 
decline to or below the baseline levels in testos- 
terone, with variable effects on other androgens 
when these are measured [55, 78—80]. The effect 
of long-term, moderate-intensity, aerobic exer- 
cise on hormonal levels in men has not been well 
studied. Therefore, it may be important to differ- 
entiate between the acute and chronic effects of 
exercise, as acute changes may relate more to 
muscle growth and tissue remodeling, whereas 
chronic changes may mediate exercise effects on 
long-term health [71, 81]. Some cross-sectional 
studies conducted in middle-aged and older men 
indicate that circulating testosterone concentra- 
tions may be higher in men who regularly exer- 
cise [82, 83]. Prospective, nonrandomized studies 
of resistance exercise over a few weeks either 
increased testosterone [84] or not [85, 86], 
whereas one study of daily aerobic exercise 
together with a low-fat diet increased SHBG, 
which could counteract the biological activity of 
testosterone [87]. A higher amount of SHBG has 
also been reported for men who have engaged in 
long-term exercise versus those who have not 
[88]. A randomized clinical study of a 12-month, 
moderate-intensity, aerobic exercise intervention 
on serum hormones in sedentary men showed an 
increase in serum dihydrotestosterone (DHT) and 
SHBG levels at 3 months and at 12 months dur- 
ing exercise intervention in exercisers compared 
to control group [58]. Recently, Vaamonde and 
colleagues [20] reported higher amounts of FSH, 
LH, testosterone as well as the T/C ratio (index of 
anabolic versus catabolic status) in physically 
active men compared to sedentary people, which 
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further supports the possibility of an improved 
hormonal environment [20]. 


Seminological Effects 

Semen Parameters 

There is not much data about the beneficial effect 
of exercise or physical activity on seminal status 
of athletes or recreationally active men. However, 
a new finding of Vaamonde and colleagues [20] 
showed that physically active men (PA) have bet- 
ter semen parameters when compared to seden- 
tary (SE) counterparts. Statistically significant 
differences were found for several semen param- 
eters such as total progressive motility (PA: 
60.94+5.03; SE: 56.07 +4.55) and morphology 
(PA: 15.54+ 1.38, SE: 14.40 1.15). The semino- 
logical values observed were supported by differ- 
ences in hormones [20]. Palmer and colleagues 
also reported an improvement in sperm motility 
(1.2-fold) and morphology (1.1-fold, P<0.05) 
following 8 week of swimming in C57BL6 male 
mice [89]. 


Oxidative Stress and DNA Damage 

The reduction in sperm DNA damage (1.5-fold), 
ROS (1.1-fold), and mitochondrial membrane 
potential (1.2-fold, P<0.05) has been recently 
reported in male mice following 8 week of swim- 
ming exercise [89] (Table 4.1). 


Conclusions and Final 
Recommendations 


Although exercising reduces the risk of develop- 
ing diseases and promotes many health benefits, 
exhaustive exercise and overtraining may alter 
male fertility and the HPG axis. High-load exer- 
cise seems to be able to negatively impact male 
fertility as observed by seminal or hormonal 
alterations which may lead to subfertility or 
infertility. Though many studies show full recov- 
ery upon cessation of the exercise stimulus, we 
must be aware that exercise is a potential cause 
for male fertility disorders. Moreover, we need to 
be careful with how many years athletes have 
been training or at which age they started train- 
ing. On the other hand, it has also been observed 
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Table 4.1 Exercise (chronic effect)* 


Endurance 
Positive effects 


(moderate exercise) 


Hormones 
tT, DHT, FSH, 
LH, T/C 


Semen 

Mobility 
{Morphology 
anomalies, DNA 
fragmentation 


Oxidative stress 
{ROS 


Erectile 
dysfunction 


Negative effects 


(intensive exercise) 


Hormones 


{GnRH, FSH, LH, T, 


E,, DHEA, T/C 
TPRL, C 

Semen 
Oligospermia 
tMorphology 
anomalies, round 
cells, DNA 
fragmentation 


{Sperm count, 


mobility, germ cell line 


Oxidative stress 
TROS, MDA 
{SOD, CAT, TAC 


Erectile dysfunction 


TED in modalities 
including cycling 


Resistance 
Positive effects 


(moderate exercise) 


Hormones 
tT, LH, T/C, GH 


Myostatin 
Semen 


Oxidative stress 


Erectile 
dysfunction 
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Resistance+ AAS Negative effects 
(intensive exercise) 
Hormones Hormones 
FSH, LH, T {T, T/C 
TC 
Semen Semen 
Azoospermia 
Oligozoospermia 


tApoptosis in germ cell 
line, morphology anomalies 
{Mobility 


Oxidative stress Oxidative stress 


Erectile dysfunction Erectile dysfunction 


Abbreviations: AAS androgenic-anabolic steroids, T testosterone, DHT dihydrotestosterone, FSH follicle-stimulating 
hormone, LH luteinizing hormone, T/C testosterone to cortisol ratio, GnRH gonadotropin-releasing hormone, £2 estradiol, 
DHEA dehydroepiandrosterone, PRL prolactin, C cortisol, GH growth hormone, ROS reactive oxygen species, MDA 
malondialdehyde, SOD superoxide dismutase, CAT catalase, TAC total antioxidant capacity, ED erectile dysfunction 

*The above mentioned effects are load-dependent 


that regular exercise may improve both hormone 
and semen profiles. 


Further research should therefore be under- 6. 


taken to clarify this relationship. 
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Introduction 


Male-factor infertility/subfertility is a relatively 
common condition, affecting up to 1 in 20 men 
and accounting for an estimated 80 million cases 
worldwide [1, 2]. Among couples attempting to 
conceive, 15 % will experience infertility, with a 
male factor implicated in 50 % of cases [3, 4]. 
Temporal changes to the prevalence of sub-/ 
infertility remain a controversial topic, with some 
authors suggesting an increasing prevalence in 
recent decades [5]. As numerous societal changes 
occurred concurrent with this time period, includ- 
ing environmental, dietary, and lifestyle altera- 
tions, some investigators have sought to find 
associations among these conditions. Although 
the true prevalence of infertility and its change 
over time remain unknown, the possibility of 
identifying and treating modifiable risk factors 
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for male infertility remains an important subject 
for ongoing research. 

The underlying etiologies of male-factor infer- 
tility are numerous and include congenital, hor- 
monal, iatrogenic, and infectious causes, among 
others. Despite these recognized factors, up to 
20—40 % of infertile males are classified as idio- 
pathic [6, 7]. Similarly, among males undergoing 
infertility evaluation, only 50 % are found to have 
abnormal semen analyses [8]. This suggests that 
in addition to known causes, several unidentified 
factors likely have a significant impact on overall 
fertility status. 


Reactive Oxygen Species 


One potential etiology contributing towards male- 
factor infertility is an elevated level of reactive 
oxygen species (ROS). ROS are the product of, 
and are required for, normal spermatogenesis, 
including capacitation, acrosomal reaction, and 
fertilization [9]. Excessive production of ROS, 
however, results in lipid peroxidation of the sper- 
matozoal membrane, DNA damage, reduced 
sperm motility, disrupted membrane integrity, 
and impaired fertilization [10-15]. As abnormal 
sperm are associated with a higher rate of ROS 
production, this further contributes towards the 
ROS imbalance and leads to additional spermatic 
impairment [16, 17]. 

ROS are normally counterbalanced in seminal 
plasma and spermatozoa through the natural 
excretion/production of endogenous (enzymatic) 
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Fig. 5.1 Graphical representation of the interaction 
between endogenous and exogenous antioxidants in the 
metabolism of reactive oxygen species. GSH—reduced 


and exogenous (vitamin) antioxidants, such as 
Vitamins C and E, superoxide dismutase (SOD), 
glutathione peroxidase, catalase, and thioredoxin, 
among others [1, 18]. Antioxidants act as free radi- 
cal scavengers to reduce oxidative damage and 
may be supplemented through dietary sources 
[17]. See Fig. 5.1 for graphical representation of 
antioxidant conversion of free radical compounds. 
Increased seminal antioxidant levels have been 
repeatedly linked with improved semen parame- 
ters and fertility outcomes [1, 17, 19-21]. 
Numerous studies have evaluated the efficacy 
of dietary supplementation on improving male- 
factor fertility. Several vitamins, minerals, and 
fatty acids with antioxidant properties have been 
studied to date and include alpha-lipoic acid 
(ALA), anthocyanins, L-arginine, astaxanthin, 
beta-carotene, biotin, L-carnitine (LC)/L-acetyl 
carnitine (LAC), cobalamin, co-enzyme Q10 
(CoQ10), ethylcysteine, folic acid, glutathione, 
inositol, lycopene, magnesium, N-acetyl cysteine 
(NAC), pentoxifylline, phosphodiesterase (PDE) 


(active) form of glutathione peroxidase; GSSG—oxidized 
(inactive) form of glutathione peroxidase; SOD— 
superoxide dismutase 


5 inhibitors, polyunsaturated fatty acids (PUFAs), 
selenium, Vitamins A, C, D, and E, and zinc. In 
addition to these supplements, several authors 
have evaluated the impact of dietary patterns and 
obesity on fertility outcomes. 

In reviewing the currently available literature, 
it is important to recognize several important 
limitations, which restrict potential conclusions. 
The majority of studies available are non- 
randomized by design, lack placebo groups, 
include small populations with short-term fol- 
low-up, lack standardization of dose or defined 
end points, involve varied numbers of agents 
studied, lack controls for other infertility-relevant 
male and/or female pathologies, and have varied 
baseline nutritional status/dietary intake. 
Regarding these limitations, a recent Cochrane 
meta-analysis of randomized, controlled trials 
(RCTs) concluded that findings were only able to 
achieve their lowest rating for overall quality of 
evidence [22]. As such, the astute reader should 
interpret any outcomes and conclusions with 
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significant caution and recognize the need for 
larger RCTs with strict methodology prior to the 
definitive recognition of efficacy. 

The current review is structured to identify the 
role of diet in general on male infertility and com- 
pare outcomes among several published dietary 
programs. The impact of obesity and weight loss 
will be briefly discussed, followed by a more 
detailed review of available literature on the vari- 
ous individual and combined supplements for the 
treatment of male infertility. The proposed mecha- 
nisms and classifications of the supplements as 
well as available data reporting outcomes on male- 
factor infertility are also discussed. To perform 
the review, a PubMed search was performed of 
all English-language publications from 1970 to 
present using the search items male fertility, sub- 
fertility, infertility, supplement, diet, vitamin, 
nutrition, and antioxidant. Preference was given 
towards more recent publications, meta-analyses, 
and RCTs, when available. 


Role of Nutrition in Male Fertility 


Despite an abundance of research on the role of 
nutrition, exercise, and body composition with 
female fecundity, there is limited data available 
regarding male fertility [23, 24]. Although the 
impact of lifestyle modifications, including exer- 
cise and exogenous substance use (tobacco, alco- 
hol, testosterone supplementation, etc.), is beyond 
the scope of this chapter, the impact of diet on 
obesity and maintaining appropriate nutritional 
status is relevant and will be reviewed. 


Diet and Obesity 


Several studies have identified associations 
between impaired male-factor fertility and 
dietary patterns. Among 701 young Danish men 
undergoing routine screening prior to entry into 
military service, those with higher intakes of sat- 
urated fat were found to have lower sperm counts, 
with the highest quartile experiencing a 41 % 
lower count than those in the lowest quartile [25]. 
This is supported by Gaskin and colleagues who 


reported on 188 men aged 18-22 from the 
University of Rochester [26]. In comparing 
semen analysis (SA) outcomes of patients with a 
“Western” pattern diet (high intake of red meat, 
refined grains, pizza, snacks, high-energy drinks, 
sweets) to those with a “prudent” diet (high 
intake of fish, chicken, fruit, vegetables, legumes, 
whole grains), the authors noted a positive asso- 
ciation with progressively motile sperm among 
those eating a “prudent” diet. Further studies 
have confirmed lower risks of asthenospermia 
with higher intakes of fruits, vegetables, poultry, 
skim milk, and seafoods and increased risks 
among those consuming the highest levels of pro- 
cessed meats and sweets (OR 2.0, CI 1.7-2.4 and 
OR 2.1, CI 1.1-2.3, respectively) [27, 28]. 

Outcomes of assisted reproductive techniques 
(ART) have similarly demonstrated a nonsignifi- 
cant trend towards higher rates of pregnancy 
among couples adhering to a Mediterranean diet 
compared to a “health conscious-low processed” 
diet (OR 1.4, CI 1.0-1.9 versus OR 0.8, CI 0.6-1.0, 
respectively) [29]. 

In addition to specific diets, semen quality has 
been associated with overall body mass index 
(BMI). In reviewing the outcomes of 250 couples 
undergoing intracytoplasmic sperm injection 
(ICSI), sperm motility and concentration were 
negatively influenced by BMI, while those under- 
going a weight-loss diet experienced improved 
sperm counts [30]. Semen parameters were posi- 
tively influenced by the higher consumption of 
cereals and legumes. 

Animal studies have repeatedly confirmed the 
role of diet on maintaining optimal semen char- 
acteristics and fertility. Rato and colleagues eval- 
uated fertility parameters in rats fed with 
high-energy (high fat) diets and demonstrated 
increases in abnormal sperm morphology and 
elevated markers of oxidative stress [31]. Similar 
reductions in sperm quality, motility, capacita- 
tion, and acrosomal reaction have been demon- 
strated in obese and hypercholesterolemic animal 
models [32-34]. Impairments in fertility may be 
improved through a combination of diet and/or 
exercise. One study of obese animals showed 
significant improvements in sperm motility 
(1.2-fold), morphology (1.1-fold), reduced sperm 
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DNA damage (1.5-fold), ROS (1.1-fold), and 
sperm binding (1.4-fold) following treatment 
with a standard diet [35]. 

Obesity may impair host defenses against 
toxic exposures in addition to its direct effects on 
fertility. Obese mice treated with acrylamide 
(reproductive toxin) experienced fewer success- 
ful pregnancies compared to lean mice receiving 
acrylamide [34]. Although this may be due, in 
part, to the observed higher rate of DNA damage 
sustained with obesity, underlying mechanisms 
remain unknown [36]. 

Fullston and colleagues recently reported per- 
haps the most intriguing findings on the impact of 
obesity on male fertility [37]. In their analysis of 
rats fed high-fat diets, they noted that two subse- 
quent generations of both sexes experienced 
impaired fertility rates, despite being fed a stan- 
dard diet. These findings suggest that obesity 
may impair fertility in future progeny, as well as 
in the obese animal itself. Potential mechanisms 
to account for this result include alteration of 
epigenetic profiles, which are influenced by envi- 
ronmental factors and can negatively affect 
implantation, placentation, and fetal growth [38]. 
Certainly these results have several potential sig- 
nificant implications regarding the importance 
of diet and obesity on both current and future 
generational fertility. 


Malnutrition/Nutrient Deficiencies 


Appropriate nutrition likely has a significant role 
in maintaining optimal fertility. Although little 
data is currently available, several observational 
studies and animal models have identified asso- 
ciations between sub-/infertility and reduced 
vitamin/mineral concentrations [39-44]. As 
many vitamins and minerals have potent indirect 
or direct antioxidant activity, reduced levels may 
result in an altered ROS to antioxidant ratio with 
subsequent reduction in total antioxidant capacity 
(TAC) [39, 45]. 

Several studies have identified an optimal 
range for select vitamin/mineral administration, 
with impairments in fertility noted with both 
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under- and over-supplementation. Two studies 
evaluating the role of selenium in mice demon- 
strated reduced fertility among animals receiv- 
ing either under- or over-supplementation, with 
resultant oxidative stress causing germ cell 
apoptosis [43, 46]. Other studies have reported 
similar optimal ranges for Vitamin D, with 
impairments in fertility at high and low serum 
levels [44, 47]. 

Although data regarding the toxicity of over- 
supplementation is limited, all nutrients likely 
have a certain threshold above which their 
impact is negated or detrimental. This is particu- 
larly relevant given that many studies use varying 
doses and/or combinations of vitamins/minerals 
in their patient cohorts. Similarly, as individual 
populations likely experience varying degrees of 
nutrient deficiencies, select groups may benefit 
more from supplementation than others. This 
may also account (in part) for contradictory find- 
ings of studies examining the effect of individual 
nutrients. 


Nutrient Supplementation 
in Male Infertility 


A comprehensive listing of every study performed 
on nutrients associated with infertility is beyond 
the scope of any one publication. As the quality of 
evidence for each study varies, this chapter 
attempts to highlight studies with the highest level 
of evidence available. In the absence of human 
RCTs, all available literature is reviewed, with an 
emphasis on higher quality studies. However, 
findings from non-RCT should not be interpreted 
as equivalent to the higher quality trials. The cur- 
rent listing also does not represent a complete list- 
ing of every nutrient or supplement, but rather 
those with the most abundant literature available. 
Each nutrient will be presented in alphabetic 
order, with a brief description as to its classifica- 
tion and mechanism if available. Data will be pro- 
vided supporting or contradicting its use with 
male fertility as well as the authors’ interpretation 
as to a consensus of evidence. See Table 5.1 fora 
brief summary of nutrient supplements with data 
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available, including class of agent, proposed 
mechanisms of action, and efficacy with improving 
infertility. 


L-Arginine 


Class and Mechanism 

L-Arginine is an amino acid, which serves as a 
precursor of nitric oxide (NO) via nitric oxide 
synthase. NO subsequently functions as an 
endogenous ROS and is required for routine sig- 
nal transduction during sperm capacitation [48]. 
L-Arginine is also utilized in the synthesis of 
putrescine, spermidine, and spermine, which reg- 
ulate various cellular processes and are thought 
to function in sperm motility [49]. 


Data Supporting Use 

Very limited data is available on the use of 
L-arginine for male fertility. Initial human studies 
of supplemental L-arginine administered up to 
4 g/day reported improved sperm concentration 
and motility [50-52]. A placebo-controlled, cross- 
over, RCT comparing the supplement Prelox 
(combination of L-arginine and the antioxidant 
pycnogenol) in 50 men similarly reported improved 
sperm concentration, volume, and motility in the 
treatment group [53, 54]. However, as the study 
used combination therapy, it is unclear which agent 
accounted for the improvements noted. 


Data Contradicting Use 

Several human and animal studies have reported no 
improvements or impaired fertility with L-arginine 
directly, or through its downstream product, 
NO. Two early human studies failed to identify 
any improvements in SA parameters or pregnancy 
rates, with more recent studies demonstrating 
impaired fertility, decreased sperm motility, sper- 
matic toxicity, and reduced sperm-zona binding 
following L-arginine administration [55-59]. 


Consensus of Opinion 

Inadequate and contradictory data exist regarding 
the effect of L-arginine on SA parameters and 
pregnancy rates. 


L.W. Trost et al. 


L-Carnitine and -Acetyl Carnitine 


Class and Mechanism 

L-Carnitine (LC) and its acetylated form (LAC) 
are quaternary ammonium compounds, which 
serve to transport fatty acids to the mitochondria. 
From a fertility standpoint, carnitine assists with 
sperm maturation and motility and functions as 
an antioxidant [60]. 


Data Supporting Use 

LC and LAC are among the most studied nutri- 
ents in male fertility, with deficiencies in seminal 
carnitine previously associated with reduced 
sperm concentration, motility, and DNA integ- 
rity among infertile males [61]. Similarly, com- 
pared to normal controls, infertile males have 
been shown to have lower levels of seminal free 
LC [62]. Multiple RCTs are available comparing 
its efficacy to placebo and other agents, with a 
recent Cochrane meta-analysis performed to 
summarize results [22, 63-71]. Combined out- 
comes of the RCTs demonstrated significantly 
improved pregnancy outcomes with LC or com- 
bination of LC+LAC versus placebo (OR 4.5 
and 5.1; CI 1.5-17.1 and 1.8-11.4, respectively) 
[63-66, 68]. Comparing LC+LAC to Vitamin 
E+C supplementation, the carnitine group dem- 
onstrated improved motility and concentration at 
3 months compared to vitamins (OR 23.1; CI 
20.2—25.9 and OR 15.5; CI 12.5-18.5, respec- 
tively) [67]. 

A less-stringent meta-analysis performed in 
2007 of clinical and RCTs comparing LC and/or 
LAC to placebo, reported improved pregnancy 
rates (OR 4.1; CI 2.1-8.1), motility (weighted 
mean difference [WMD] 7.43; CI 1.7—13.1), and 
morphology (WMD 5.7; CI 3.6-7.9) [72]. No 
significant differences were noted on sperm con- 
centration or semen volume. 

Individual studies demonstrated varied 
improvements in semen characteristics. Among 
men with no, small, or moderate-sized varicoceles, 
Cavallini and colleagues noted that supplementa- 
tion with carnitine and cinnoxicam (nonsteroidal 
anti-inflammatory) resulted in improved sperm 
concentration, motility, and morphology, although 
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similar improvements were not found among 
patients with higher-grade varicoceles [64]. 
A similar combination study of carnitine and 
cinnoxicam in men with prostato-vesiculo- 
epididymitis demonstrated selective improve- 
ments in motility in men with <1 million/mL 
seminal WBCs [69]. Among patients with oligo- 
asthenoteratospermia (OAT) undergoing ICSI, 
combination of LC+LAC and cinnoxicam 
resulted in improved sperm morphology and 
reduced aneuploidy with resultant higher rates of 
pregnancies and live births [73]. 

One study by de Rosa and colleagues supple- 
mented oligospermic infertile males with motil- 
ities <50 % and demonstrated improvements in 
motility, live sperm count, and cervical penetra- 
tion capacity compared to baseline [61]. In com- 
paring LC+ Vitamin E versus Vitamin E alone, 
patients receiving combination therapy demon- 
strated improved motility (45 % versus 28 % 
pretreatment, p<0.01) and higher pregnancy 
rates (31.1 % [combination] versus 3.8 % 
[Vitamin E alone], p<0.01), with otherwise 
unchanged sperm concentrations and morphol- 


ogy [71]. 


Data Contradicting Use 

The effect of LC and/or LAC on sperm motility is 
inconclusive, with 3- and 6-month data from a 
Cochrane meta-analysis demonstrating conflict- 
ing findings [22]. Data >9 months on LC versus 
placebo demonstrated significant improvements 
with a wide confidence interval for motility (OR 
11.5; CI 1.7-21.4) and no significant improve- 
ments with LC or combination of LC+LAC [63]. 
The Cochrane meta-analysis similarly demon- 
strated no significant differences in sperm con- 
centration among two included studies at 6- and 
>9-month time points with LC, LAC, or combi- 
nation therapy [63, 66]. When comparing 
LC+LAC to Vitamin E+C supplementation, no 
significant differences were noted with pregnan- 
cies achieved (OR 2.9; CI 0.9-9.5) [67]. A sepa- 
rate RCT not included in the Cochrane review 
similarly demonstrated a lack of improvement 
with LC on seminal volume, sperm concentration, 
motility, or morphology [70]. 


Consensus of Opinion 

Although the data remain inconclusive as to the 
benefits of LC+LAC on individual semen charac- 
teristics, significant improvements in pregnancy 
rates have been reported. However, as the confi- 
dence intervals remain very wide, this finding 
requires larger, well-controlled trials to validate. 


Cobalamin (Vitamin B12) 


Class and Mechanism 

Cobalamin represents one of several forms of B12 
and may be considered equivalent physiologically 
to B12. The underlying mechanism for the role of 
B12 in fertility is unclear, although it may relate to 
its role in DNA synthesis, activation of antioxidant 
enzymes, or methyl group donation. 


Data Supporting Use 
Cobalamin deficiency has long been recognized to 
be associated with sub-/infertility, with observa- 
tional studies confirming reduced levels in cases of 
non-obstructive azoospermia [40, 74, 75]. Among 
men undergoing in vitro fertilization (IVFVICSI, 
sperm concentrations have been shown to posi- 
tively correlate with cobalamin levels [76]. 
Multiple early Japanese studies were per- 
formed to evaluate the efficacy of methylcobala- 
min supplementation on fertility and SA 
parameters [77-80]. The majority of trials 
reported significant improvements in sperm con- 
centration and motility; however, the criteria for 
success were loosely defined. Since these early 
reports, no additional human trials have been 
reported. 


Data Contradicting Use 

Although the majority of studies demonstrate an 
association between cobalamin deficiency and 
sub-/infertility, cobalamin concentrations beyond 
a minimal threshold may not result in improve- 
ment in semen parameters [41]. One multi- 
institution, double-blinded, placebo-controlled, 
RCT performed on cobalamin supplementation 
demonstrated no overall impact of therapy on 
sperm motility or concentration [77]. 
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Consensus of Opinion 

Cobalamin deficiency (resulting in clinical perni- 
cious anemia) is linked with infertility. The impact 
of cobalamin supplementation beyond minimum 
requirements lacks sufficient data to suggest a 
proven benefit on male fertility. 


Co-enzyme Q10 


Class and Mechanism 

CoQ10 is a vitamin-like substance present in the 
mitochondria, which functions to produce ade- 
nosine triphosphate through the electron trans- 
port chain. From a fertility standpoint, CoQ10 
may provide benefit through lipid-soluble anti- 
oxidant properties and/or through enhancing 
motility via mitochondrial activity [81]. 


Data Supporting Use 

CoQ10 concentrations in seminal plasma have 
been correlated with total sperm counts and 
motility, while ratios of its reduced (ubiquinol) to 
oxidized (ubiquinone) state are associated with 
alterations in the percentage of abnormal sperm 
morphology [82]. 

A Cochrane meta-analysis and review of RCTs 
summarized outcomes from two RCTs utilizing 
CoQ10 [22, 81, 83]. It is noteworthy that one of the 
trials reported results of questionable validity and 
reliability, suggesting that conclusions must be 
interpreted with caution [83]. Combined results 
demonstrated significant improvements in motility 
at 6 months (OR 4.5; CI 3.9-5.1), which was not 
sustained at >9 months (OR —0.0; CI —1.1 to 6.2). 
Two additional RCTs, which were not included in 
the Cochrane review, demonstrate significant 
improvements in markers of oxidative stress with 
CoQ10 supplementation among patients with 
OAT, including elevated catalase, SOD, and TAC 
[84, 85]. Additionally, one trial identified a posi- 
tive correlation between CoQ10 concentrations 
and normal sperm morphology [85]. 


Data Contradicting Use 

The previously cited Cochrane review demon- 
strated no significant improvements with CoQ10 
supplementation on the rate of pregnancies 


L.W. Trost et al. 


(OR 2.2; CI 0.5-8.8) or sperm concentration at 6 or 
>9 months (OR 3.9; CI —2.1 to 9.8 and OR 1.5; 
CI 0.5-2.6, respectively). Similarly, two RCTs 
performed on CoQ10 administration among OAT 
patients failed to demonstrate improvements in 
sperm concentration or motility despite demon- 
strably higher levels of TAC [84, 85]. 


Consensus of Opinion 

CoQ10 supplementation appears to improve 
markers of oxidative stress and improve TAC. 
However, its impact on semen parameters and 
pregnancy rates remains unproven. 


Folic Acid (Vitamin B9) 


Class and Mechanism 

Folic acid is a water-soluble B Vitamin, which has 
roles in DNA synthesis, repair, and methylation 
and is an essential cofactor. Folic acid is required 
for normal spermatogenesis and may function as 
an indirect antioxidant through creation of methyl 
donor compounds [86, 87]. 


Data Supporting Use 

Folic acid levels have been associated with sperm 
characteristics, including chromosomal aneu- 
ploidy and total sperm concentration, with low 
levels correlating with infertility [20, 41, 88]. 
Several RCTs have demonstrated beneficial 
effects of folic acid on semen parameters and 
pregnancy rates. The earliest RCT was performed 
by Wong and colleagues, who compared folic 
acid, zinc, folic acid+zinc, or placebo among 
211 men of mixed fertility [89]. Results demon- 
strated a 74 % increase in total sperm count and 
improved morphology in the combination group. 
Subsequent RCTs by Ebisch and colleagues con- 
firmed improved sperm concentrations among 
patients (regardless of fertility status) supple- 
mented with folic acid and zinc compared to 
controls [90, 91]. 


Data Contradicting Use 

With limited data available, the previously cited 
RCT by Wong and colleagues failed to demon- 
strate significant improvements in concentration, 
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motility, or morphology with folic acid or zinc 
supplementation alone, despite significant 
improvements noted in the combination group 
[89]. This may be a reflection of limited statisti- 
cal power or indicate a need for combined mech- 
anisms of action to achieve improved semen 
characteristics. A prior study similarly demon- 
strated no significant improvements on sperm 
counts, motility, or DNA content among normo- 
and oligospermic men treated with folic acid [92]. 


Consensus of Opinion 

Currently available data is insufficient to demon- 
strate improved outcomes with folic acid supple- 
mentation in regard to SA characteristics or 
pregnancy rates. 


Glutathione 


Class and Mechanism 

Glutathione is an endogenous antioxidant and is 
one of the most abundant found in the body. It has 
important roles in maintaining supplementary 
antioxidants (i.e., Vitamins C and E) in their 
reduced (active) states and in detoxifying carcin- 
ogens and foreign compounds [93, 94]. 


Data Supporting Use 

Multiple studies have associated reduced gluta- 
thione levels and infertility, including decreased 
sperm motility and morphology [95]. However, 
as glutathione is an endogenous antioxidant, 
lower levels signify a higher rate of oxidative 
stress and may not relate to inadequate production. 
When provided as an adjunctive compound in 
ART sperm media, sperm motility, plasma mem- 
brane integrity, overall viability, fertility success, 
and DNA integrity are all improved [96, 97]. 

An initial pilot study examining intramuscular 
supplementation with glutathione in 11 men 
resulted in improved sperm motility [98]. A sub- 
sequent placebo-controlled, blinded, crossover 
study of 20 infertile patients with varicoceles 
(n= 10) or non-bacterial genitourinary inflamma- 
tory conditions (n=10) confirmed improved 
sperm motility, progression, and morphology 
[99]. An additional pilot study of infertile males 


identified a higher rate of sperm DNA damage, 
which was significantly improved with intramus- 
cular glutathione administration [100]. No studies 
have evaluated the impact of glutathione supple- 
mentation on pregnancy outcomes in non-ART 
settings. 


Data Contradicting Use 
None. 


Consensus of Opinion 

Limited data suggests a potential benefit of gluta- 
thione supplementation on improving sperm 
motility, morphology, and DNA integrity as well 
as its adjunctive use in sperm media with ART. 
Due, in part, to the need for intramuscular admin- 
istration, the widespread adoption of glutathione 
has been limited [101]. 


Lycopene 


Class and Mechanism 

Lycopene is a nonessential, carotenoid pigment 
with no Vitamin A activity. It has received increas- 
ing attention as a potential anticarcinogenic agent 
due to its antioxidant properties and role in genetic 
expression, cell regulation, and immunomodula- 
tion [102]. 


Data Supporting Use 

Lycopene is highly concentrated in reproductive 
organs, including the testes and seminal fluid, 
with decreased levels associated with male sub-/ 
infertility [103]. In a placebo-controlled, cross- 
over trial evaluating the effect of lycopene on 
advanced glycation end products in seminal fluid 
(marker of oxidative stress), Oborna and col- 
leagues noted significant improvements in 
lycopene-supplemented men [104]. 

Currently, no human placebo-controlled RCTs 
have evaluated the efficacy of lycopene supple- 
mentation on fertility and SA parameters. A pilot 
study of infertile males with OAT undergoing 
lycopene supplementation demonstrated signifi- 
cant improvements in sperm count (66 % with 
median 22 million increase) and motility 
(53 % with median 25 % improvement) [103]. 
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Minimal changes were noted in men with severe 
oligospermia (<5 million/mL). Among men pre- 
senting for IVF, higher arachidonic acid (AA) to 
docosahexaenoic acid (DHA) ratios (indicating 
oxidative stress) have been reported when com- 
pared to control subjects [105]. When patients 
were treated with lycopene, these levels returned 
to baseline in patients without SA abnormalities, 
while nonsignificant improvements were noted 
among those with SA abnormalities. Results fur- 
ther demonstrated an observed increased rate of 
spontaneous pregnancies (16 %) and successful 
IVF outcomes (42 %) in treatment patients 
(control results not reported). 


Data Contradicting Use 

One trial found no increase in TAC among men 
undergoing supplementation, despite elevated 
blood and semen levels of lycopene [45]. 


Consensus of Opinion 

Currently available data are insufficient to sug- 
gest any potential benefits with lycopene supple- 
mentation on SA parameters or pregnancy rates. 


N-Acetyl Cysteine 


Class and Mechanism 

NAC is a derivative of cysteine and is commonly 
utilized as a mucolytic agent and in the manage- 
ment of acetaminophen overdose. Its role in 
infertility is likely due to antioxidative properties 
through regeneration of endogenous glutathione 
levels [106]. 


Data Supporting Use 

A Cochrane review of two RCTs performed dem- 
onstrated significant improvements with NAC 
administration on sperm motility at 3- and 6-month 
time points (OR 11.0; CI 7.9-14.0 and OR 1.9; CI 
1.0-2.8, respectively) [22, 107, 108]. Sperm con- 
centration was unchanged at 3 months (OR —0.5; 
CI —6.7 to 5.8) and increased at 6 months (OR 3.3; 
CI 1.2-5.4); however, as previously noted, the 
reliability of results from the study author involved 
at the 6-month time period has previously been 
called into question [22, 107—110]. 
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One non-RCT performed by Comhaire and 
colleagues supplemented 27 men with AA/DHA 
and either NAC or Vitamins E+C [111]. 
Following treatment, men with oligospermia 
were found to have increased sperm counts from 
7.4 to 12.5 million, with additional improve- 
ments in ROS noted. The overall pregnancy rate 
was 4.5 % at 134 months follow-up. However, 
these findings are of limited benefit due to the 
lack of a control group and an undefined number 
of patients receiving NAC compared to Vitamins 
E+C. 

One animal study of diabetic rats demon- 
strated an upregulation of endogenous antioxi- 
dants and attenuation of diabetes-induced 
testicular cell death among NAC-treated animals 
[112]. Similarly, an in vitro study of semen sam- 
ples incubated with or without supplementary 
NAC demonstrated a dose-dependent decrease in 
ROS [113]. Sperm additionally had improved 
motility, without changes in acrosome reaction. 


Data Contradicting Use 

In the RCT previously described by Ciftci and 
colleagues, among the 120 patients randomly 
divided to receive NAC or placebo, no changes 
were noted in total sperm counts or morphology 
[107]. Similarly, in their prospective trial of 27 
men treated with NAC or Vitamins E+C and AA/ 
DHA, Comhaire and colleagues demonstrated no 
effect on sperm motility, morphology, WBC, or 
round cells in semen among all patients, and no 
improvement in sperm counts in non-oligospermic 
men [111]. 


Consensus of Opinion 

Limited data suggests a possible benefit of NAC 
supplementation on sperm motility, without 
improvements in other SA parameters. No infor- 
mation is available regarding its impact on preg- 
nancy rates or live deliveries. 


Pentoxifylline 
Class and Mechanism 


Pentoxifylline is a methylated xanthine derivative 
and is anonselective PDE inhibitor. Its mechanism 
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for improving fertility has not been defined, 
although it may be secondary to downstream 
effects of PDE inhibition, including reduced 
inflammation [114]. 


Data Supporting Use 
Two placebo-controlled RCTs have evaluated the 
efficacy of pentoxifylline on improving semen 
parameters [22, 115, 116]. Compared to no treat- 
ment, pentoxifylline resulted in significant 
improvements in sperm motility (OR 12.8; CI 
9.2—16.3) and morphology at 3 months [22, 115]. 
One in vitro study comparing pentoxifylline 
to the hypoosmotic swelling test for selection of 
appropriate sperm for ART demonstrated 
improved fertilization (62.1 % versus 41.1 %) 
and pregnancy rates (32 % versus 16 %) with 
pentoxifylline [117]. These data are consistent 
with other studies, which suggest a potential role 
for pentoxifylline as an adjunctive therapy with 
ART [118-120]. 


Data Contradicting Use 

In the previously described RCT by Wang and 
colleagues, the authors found no significant 
improvements in sperm concentration at the 3- 
and 6-month time points (OR 4.3; CI —0.7 to 9.3 
and OR 2.8; CI —2.6 to 8.2) [116]. 


Consensus of Opinion 

With limited data available, pentoxifylline sup- 
plementation may result in improved sperm 
motility and may have benefits as an in vitro 
adjunct in couples undergoing ART. 


Polyunsaturated Fatty Acids 


Class and Mechanism 

PUFAs (alternatively named highly unsaturated 
fatty acids) represent a class of triglyceride 
compounds, which include the omega-3, -6, 
and -9 fatty acids. Two commonly reported 
PUFAs are AA (omega-6) and DHA (omega-3), 
which have been shown to have pro- and anti- 
inflammatory effects, respectively [121]. AA is 
required for normal sperm capacitation, and the 
ratio of AA:DHA is hypothesized to affect the 


functional capacity of spermatozoa [122-124]. 
DHA additionally functions as an indirect anti- 
oxidant through regeneration of glutathione 
levels [125]. 


Data Supporting Use 

The proposed benefit of PUFA supplementation 
is based on the association between reduced 
omega-3 levels and an altered omega-6:omega-3 
ratio and impaired fertility [105, 124]. One 
double-blinded, placebo-controlled, RCT per- 
formed by Safarinejad and colleagues reported 
significant improvements in sperm count (38.7— 
61.7 million, p=0.001), with positive associa- 
tions noted between DHA concentrations and 
seminal SOD and catalase activities (markers of 
oxidative stress) [126]. However, as previously 
mentioned, the validity and reliability of results 
from this author are suspect, with a prior retracted 
article and several authors noting discrepancies 
in reported findings [22, 109, 110]. 


Data Contradicting Use 

One double-blind, placebo-controlled, RCT of 28 
men with asthenospermia evaluated the efficacy 
of varying dosages of DHA on semen characteris- 
tics [127]. Results demonstrated elevated levels of 
DHA and DHA:AA ratio, without evidence for 
DHA incorporation into the spermatic membrane. 
Additionally, no significant differences were 
noted on sperm motility (OR —15.2; CI —34.3 to 
3.9) or concentration (OR 1.5; CI —35.2 to 38.2) at 
3 months (higher dosage ORs listed). 

The impact of DHA supplementation on preg- 
nancy outcomes is unknown. Among infertile 
men undergoing IVF therapy, altered DHA:AA 
ratios were identified. Following supplementa- 
tion with lycopene, this ratio returned to control 
levels among normospermic infertile males; 
however, when comparing successful versus 
unsuccessful pregnancies achieved, no differ- 
ences were noted with DHA:AA ratios between 
groups [105]. 


Consensus of Opinion 

Available data on the efficacy of DHA supple- 
mentation on sperm characteristics is contradictory 
and inconclusive. 
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Selenium 


Class and Mechanism 

Selenium is a chemical element required for normal 
cellular function. It is an essential component of 
the endogenous antioxidants glutathione peroxi- 
dase and thioredoxin reductase and thus func- 
tions indirectly to enhance intrinsic antioxidant 
capacity [128]. 


Data Supporting Use 

Selenium deficiency is associated with decreased 
sperm motility, altered midpiece stability, and 
abnormal sperm morphology [129, 130]. Two 
placebo-controlled RCTs have evaluated the effi- 
cacy of selenium supplementation on improving 
sperm characteristics. Scott and colleagues 
reported on 69 patients randomized to placebo, 
selenium, or combination of selenium with 
Vitamins A, C, and E [131]. Although individual 
groupings failed to achieve significant results, 
when both treatment groups were combined, sig- 
nificantly improved motility was noted without 
any benefits on sperm concentration. An 11 % 
rate of paternity was observed in the treatment 
group versus 0 % in the placebo arm. Safarinejad 
and colleagues reported significant improve- 
ments in sperm motility (OR 3.2; CI 2.3—4.1) and 
concentration (OR 4.1; CI 1.9-6.3) at 6 months. 
However, as previously indicated, these results 
are suspect (given the uniquely narrow confi- 
dence intervals when compared to all other avail- 
able antioxidant RCTs, the author’s prior 
inconsistencies, and redacted manuscript) and 
are therefore of questionable validity and reliabil- 
ity [22, 109, 110]. 

A head-to-head randomized comparison of 20 
patients receiving Vitamin E and selenium versus 
Vitamin B demonstrated improved sperm motil- 
ity and oxidative stress markers among those 
receiving selenium and Vitamin E [132]. Similarly, 
in comparing selenium to selenium + Vitamins A, 
C, and E, no difference in sperm motility was 
noted [131]. 

Two studies evaluated the efficacy of combi- 
nation of selenium and Vitamin E compared to 
baseline SA levels [133, 134]. Moslemi and col- 
leagues reported on a large series of 690 infertile 
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males with asthenoteratospermia [134]. 
Following 100 days of supplementation, 43 % 
experienced improved motility, 9 % improved 
morphology, and 10.8 % achieved spontaneous 
pregnancies. A second, smaller study evaluated 
nine men with OAT treated with combination of 
selenium and Vitamin E [133]. Compared to 
baseline values, results demonstrated significant 
improvements in motility (19 %), morphology 
(28.6 %), and sperm viability (27.9 %), which 
returned to baseline levels following therapy 
discontinuation. 


Data Contradicting Use 

One trial of 33 subfertile men treated patients with 
selenium alone over a period of 3 months [135]. 
Results demonstrated no significant improvements 
in sperm count, motility, or morphology, with weak 
correlations between selenium seminal levels and 
glutathione peroxidase activity noted. 

Of interest, two animal studies evaluating 
variable dosages of selenium noted impaired fer- 
tility, increased ROS, and germ cell apoptosis, 
among animals receiving either too high or too 
low levels of selenium [43, 46]. These findings 
suggest a specific range of selenium required for 
optimal function. 


Consensus of Opinion 

Data is lacking on solitary administration of sele- 
nium; however, combination therapy of selenium 
with other vitamins (particularly Vitamin E) 
may result in improved motility. The effect of 
combined selenium and vitamins on pregnancy 
remains unclear. 


Vitamin C 


Class and Mechanism 

Vitamin C (L-ascorbic acid) is a nutrient cofactor 
in several enzymatic reactions, including those 
involved with collagen synthesis. In the reproduc- 
tive tract, Vitamin C is highly concentrated in 
seminal fluid and is required for normal reproduc- 
tive function [136]. It exerts antioxidant effects 
both directly and indirectly through reduction of 
oxidized Vitamin E [137, 138]. 
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Data Supporting Use 

Several placebo-controlled RCTs have evaluated 
the efficacy of Vitamin C alone or in combination 
with other antioxidants on male fertility. Dawson 
and colleagues administered Vitamin C at 
200 mg/day versus 1,000 mg/day and demon- 
strated significant improvements in sperm motil- 
ity only at the higher dosage (OR 45.0; CI 
15.3-74.8) [139]. In comparing Vitamin C 
(1,000 mg)+ Vitamin E to placebo, Greco and 
colleagues noted significant decreases in DNA 
fragmentation (22.1 % versus 9.1 %; OR -13.8; 
CI -17.5 to —10.1) in the treatment group [140]. 
One trial comparing zinc, zinc+Vitamin E, 
zinc+ Vitamins C and E, or placebo in 45 men 
with asthenospermia demonstrated no significant 
differences among treatment groups and 
improved motility in the combined group (OR 
26.0; CI 8.9-43.2) [18]. As with any combination 
therapy trial, it is difficult to elucidate if findings 
are due to any single agent or the synergistic 
effect of multiple therapies. 

Vitamin C supplementation may reduce the 
extent of damage sustained from environmental 
gonadotoxins. An observational study of 120 
men exposed to lead from a battery-manufacturing 
industry experienced improvements in sperm 
concentration, motility, and morphology follow- 
ing prophylactic Vitamin C administration [141]. 
A similar animal study evaluating the effect of 
electromagnetic radiation on rat testes showed a 
protective effect and reduced oxidative stress in 
animals treated with combination of Vitamins 
C+E [142]. 


Data Contradicting Use 

Two placebo-controlled RCTs of combined 
Vitamin C (1,000 mg)+ Vitamin E have demon- 
strated no improvements in sperm motility, 
morphology, or concentration [140, 143]. A 
meta-analysis of the two studies resulted in no 
significant difference in sperm concentration in 
the treatment group compared to placebo (OR 
1.4; CI —10.0 to 12.7) [22, 140, 143]. 


Consensus of Opinion 
Available RCTs demonstrate conflicting results on 
sperm motility and no benefits on concentration 


or morphology with Vitamin C alone, or in 
combination with Vitamin E. Vitamin C 1,000 mg 
daily may improve sperm DNA fragmentation. 


Vitamin E 


Class and Mechanism 

Vitamin E encompasses several fat-soluble com- 
pounds, including tocopherols and tocotrienols. 
As a potent antioxidant, it functions to reduce 
seminal ROS and restore other antioxidants to 
their functional (reduced) state [144, 145]. 


Data Supporting Use 

Several placebo-controlled RCTs have been per- 
formed evaluating the efficacy of Vitamin E alone 
or in combination with other antioxidants on 
improving male-factor infertility. A meta- 
analysis of two RCTs comparing Vitamin E alone 
to placebo demonstrate significant improvements 
with live birth rates (OR 6.4; CI 1.7—24.0), preg- 
nancy rate (OR 6.6; CI 1.8-23.9), and sperm 
motility (OR 13.0; CI 7.0-19.0), without signifi- 
cant differences noted in the rate of miscarriage 
(OR 5.4; CI 0.3-93.3) [22, 145, 146]. 

Similar to other vitamins, several studies 
evaluate Vitamin E in combination with other 
antioxidants. Greco and colleagues demon- 
strated significant improvements in DNA frag- 
mentation indices (OR -13.8; CI -17.5 to 
—10.1) following supplementation with Vitamins 
C+E [140]. One study comparing Vitamin 
E+zinc (OR 26.0; CI 9.0-43.0) or Vitamins 
C+E+zinc (OR 26.0; CI 8.9-43.2) showed 
improvements in sperm motility at 3 months 
compared to no treatment [18]. 

Two uncontrolled studies of selenium and 
Vitamin E demonstrated improvements in 
motility, morphology, sperm viability, and 
pregnancy rate, when compared to baseline SA 
levels [133, 134]. 

As with other antioxidants, low Vitamin E lev- 
els have been associated with sub-/infertility [39, 
147]. Similarly, animal studies of Vitamin E sug- 
gest a possible role for prevention of damage in 
conditions of high oxidative stress (e.g., radiation, 
cryptorchidism) [142, 148]. 
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Data Contradicting Use 

The previously cited study by Greco and col- 
leagues demonstrated no significant change in 
sperm motility (OR 2.9; CI —7.8 to 13.6) with 
Vitamins C+E, despite the observed improve- 
ment in DNA fragmentation indices [140]. 
Similarly, in combining the two available RCTs 
of Vitamins C+E, no significant improvements 
on sperm concentration were observed (OR 1.4; 
CI -10.0 to 12.7) [22, 140, 143]. 

Several RCTs have also compared Vitamin E 
alone or in combination with other antioxidants 
to other agents. Akiyama and colleagues reported 
no differences in sperm motility (OR —1.9; CI 
—42.0 to 38.2) or concentration (OR 2.2; CI -16.7 
to 21.1) between patients supplemented with 
Vitamin E or ethylcysteine [149]. In comparing 
Vitamins C+E to LC and LC+LAC, Li and col- 
leagues noted superiority of LC with or without 
LAC in regard to motility (OR 23.1; CI 20.2- 
25.9) and concentration (OR 15.5; CI 12.5—18.5) 
at 3 months [67]. No differences were noted on 
sperm motility with Vitamin E+ selenium versus 
Vitamin B (OR 0.0; CI —10.7 to 10.7), Vitamin 
E+zinc versus zinc (OR 1.0; CI —13.0 to 15.0), 
or Vitamins E+C+zinc versus zinc (OR 1.0; CI 
-17.7 to 19.7) [18, 22, 132]. 


Consensus of Opinion 

Although Vitamin E has not been shown to con- 
sistently improve semen parameters, limited 
results suggest a potential benefit on improving 
overall pregnancy and live birth rates. 


Zinc 


Class and Mechanism 

Zinc is a metallic element and essential cofactor 
in multiple enzymatic processes. Zinc is highly 
concentrated in the semen and is essential for 
normal reproductive gland growth and spermatic 
function [87]. 


Data Supporting Use 

One placebo-controlled RCT evaluating the effi- 
cacy of zinc on markers of oxidative stress and 
fertility has been reported [18]. A combined 45 
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men with asthenospermia (defined as >40 % 
immotile sperm) were randomized to zinc, 
zinc+ Vitamin E, zinc+ Vitamins C+E, or pla- 
cebo over a treatment period of 3 months. Results 
demonstrated significant improvements in live 
birth (OR 3.7; CI 1.0-13.5, p=0.05) and preg- 
nancy rates (OR 4.8; CI 1.5-15.2), with no 
change in miscarriage rates (OR 7.2; CI 0.1- 
364.9). Zinc administered alone or in combina- 
tion with Vitamins E+C resulted in improved 
motility at 3 months and further reduced the 
DNA fragmentation index and markers of oxida- 
tive stress. No difference in sperm parameters 
was noted among the three zinc treatment groups. 

Animal models of zinc deficiency have dem- 
onstrated impaired spermatogenesis, semen 
parameters, and a higher sensitivity towards oxi- 
dative damage and testicular cell death [112, 
150]. Zinc is commonly included in multi- 
supplement trials and will be discussed in this 
context later in the chapter [151-153]. 


Data Contradicting Use 

An observational study by Young and colleagues 
evaluated sperm samples from 89 healthy men 
who completed questionnaires on food intake 
[20]. Data was extrapolated from questionnaires 
to estimate levels of zinc, folate, Vitamins C and 
E, and beta-carotene intake. In comparing esti- 
mated nutrient levels against sperm aneuploidy 
testing, no association was noted among high or 
low levels of zinc and overall sperm aneuploidy. 
Given the nature of the study design and method- 
ology, limited conclusions may be drawn from 
the results presented. 


Consensus of Opinion 

Limited data suggests a potential benefit for zinc 
supplementation on semen parameters, preg- 
nancy, and birth rates. 


Other Supplements 


Several additional nutritional supplements have 
been evaluated for their potential beneficial 
effects on male fertility, including but not limited to 
ALA, anthocyanins, astaxanthin, beta-carotene, 
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biotin, ethylcysteine, inositol, magnesium, PDES5 
inhibitors, and Vitamins A and D, among others. 
Given the relatively limited amount of data cur- 
rently available on the efficacy of these com- 
pounds in male fertility, only brief mention will 
be made of selected studies for each nutrient. The 
proposed mechanisms for the compounds vary, 
with several purported to function via antioxidant 
pathways either directly or indirectly through 
reduced inflammation or restoration of endoge- 
nous antioxidant levels. 

Individual RCTs are available on five of the 
above listed compounds [70, 149, 154-156]. 
Pawlowicz and colleagues performed a placebo- 
controlled RCT of anthocyanins and demon- 
strated significant improvements in seminal 
fructose levels and markers of oxidative stress 
[154]. Similarly, a double-blinded, placebo- 
controlled, RCT of the carotenoid astaxanthin 
noted improvements in ROS, inhibin B levels, 
sperm linear velocity, and pregnancy rates 
(54.5 % versus 10.5 %, p=0.03) compared to 
placebo [155]. In comparing the efficacy of 
Vitamin E to ethylcysteine, Akiyama and col- 
leagues found no difference in regard to sperm 
density and motility, although ROS were signifi- 
cantly lower among ethylcysteine-treated patients 
[149]. In a placebo-controlled RCT of two PDES 
inhibitors (vardenafil, sildenafil), Dimitriadis and 
colleagues reported improved sperm concentra- 
tion, motility, and morphology following treat- 
ment with either agent compared to pretreatment 
levels [70]. An additional placebo-controlled 
RCT evaluating magnesium orotate demon- 
strated no significant improvements in sperm 
concentration, motility, or pregnancy rates com- 
pared to placebo [156]. 

Vitamin A is commonly utilized in combina- 
tion supplement trials due to its antioxidant activ- 
ity [131, 151]. Given the combined use with other 
agents, individual efficacy on semen parameters 
and fertility cannot be determined. Vitamin D has 
also been associated with infertility; however, 
similar to selenium, both high and low levels 
have been associated with decreased SA param- 
eters, with one study suggesting an optimal level 
of 20-50 ng/mL [44, 47, 157, 158]. ALA has 
been shown in animal models to both attenuate 


oxidative stress and improve sperm concentration, 
motility, and testicular histologic features [159, 
160]. Low levels of beta-carotene, as an inactive 
precursor to Vitamin A, have also been associated 
with infertility [161]. Biotin (Vitamin B7), inosi- 
tol, and ALA have shown efficacy in improving 
semen parameters when used as adjunctive agents 
to sperm media [120, 162, 163]. 

Each of the above agents has demonstrated 
some potential for improving SA parameters and 
overall male-factor fertility. However, due to the 
limited data available, further studies are required 
to assess their individual efficacy. 


Combined Supplementation 
and Overall Antioxidant Efficacy 


Several studies have evaluated the efficacy of 
combination supplements on male-factor fertility. 
Two RCTs compared multiple supplements to 
placebo: Galatioto and colleagues (NAC, Vitamins 
C, E, and A, thiamine, riboflavin, pyridoxine, nico- 
tinamide, pantothenate, biotin, cyanocobalamin, 
ergocalciferol, calcium, magnesium, phosphate, 
iron, manganese, copper, and zinc) and Tremellen 
and colleagues (Vitamins C and E, zinc, folic 
acid, lycopene, garlic oil, selenium) [151, 152]. 
Combined results from these studies demon- 
strated a significant improvement in pregnancy 
rate (OR 4.0; CI 1.4—11.3) and unchanged risk of 
miscarriage (OR 0.48; CI 0.1-4.0). Numerous 
additional studies, which evaluate the efficacy of 
combined nutrients, are reviewed in the individual 
nutrient sections previously listed. 

To evaluate the overall effect of nutrient sup- 
plementation on male-factor fertility, a Cochrane 
meta-analysis was performed of all RCTs meet- 
ing strict inclusion criteria [22]. Combined results 
demonstrated a significantly increased rate of live 
births (OR 4.9; CI 1.9-12.2) and pregnancy rate 
(OR 4.2; CI 2.7-6.6), with no impact on miscar- 
riage rates (OR 1.5; CI 0.3-7.3). Antioxidants 
further improved DNA fragmentation rates (OR 
—13.8; CI -17.5 to —10.1) and sperm motility 
(6 months—OR 5.5; CI 3.8-7.2; >9-month time 
point not significant). No significant difference 
was noted among combined trials on sperm 
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concentration (3 months—OR 6.0; CI -5.4 to 
17.5). In reviewing results, the authors concluded 
that antioxidants might be recommended for sub- 
fertile men whose partners are undergoing 
ART. They additionally note that the current data 
is inconclusive and assigned a very low grade to 
the quality of evidence included. 


Summary 


Male-factor infertility has long been recognized 
to be associated with markers of oxidative stress 
and elevated ROS. Numerous studies have dem- 
onstrated reduced levels of both exogenous and 
endogenous antioxidants among infertile patients. 
Given these associations, several investigators 
have sought to evaluate the efficacy of antioxi- 
dant and nutrient supplementation on improving 
direct (pregnancy, live births) and indirect (SA 
parameters, DNA damage) measures of male fer- 
tility. Nutrients demonstrating some beneficial 
effects on male fertility parameters include ALA, 
anthocyanins, L-arginine, astaxanthin, beta- 
carotene, biotin, LC/LAC, cobalamin, CoQ10, 
ethylcysteine, folic acid, glutathione, inositol, 
lycopene, magnesium, NAC, pentoxifylline, 
PDES inhibitors, PUFAs, selenium, Vitamins A, 
C, D, and E, and zinc. 

Numerous studies, including RCTs, have been 
performed evaluating the efficacy of nutrients 
alone or in combination on improving male sub-/ 
infertility. Although individual studies report vary- 
ing efficacies, antioxidant supplementation as a 
whole likely results in improvements in pregnancy 
rate, live births, DNA fragmentation indices, and 
sperm motility. Antioxidant supplementation does 
not likely impact sperm concentration, and the 
optimal combination of supplements is unknown, 
with insufficient data available to suggest superi- 
ority of any single nutrient. Despite the lack of 
definitive data, given the relative minimal risks of 
nutrient supplementation and potential benefits 
herein discussed, routine use of supplementation 
in infertile males is reasonable. Further well- 
designed, placebo-controlled trials reporting 
main outcome measures of pregnancy and live 
birth are mandated. 
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Introduction 


Substance abuse, particularly of alcohol, is one of 
the fastest growing health problems in the world. 
It has been reported that alcoholic beverages is 
consumed by nearly 90 % of the population in 
England, which is equivalent to 36 million people 
(adults aged 16 years or over) [1]. Drinking alco- 
hol is widely socially accepted and associated 
with relaxation and pleasure, and some people 
drink alcohol without experiencing harmful 
effects. However, a growing number of people 
experience physical, social, and psychological 
harmful effects of alcohol. 

Alcohol consumption has health and social 
consequences via intoxication (drunkenness), 
alcohol dependence, and other biochemical 
effects of alcohol. In addition to chronic diseases 
that may affect drinkers after many years of 
heavy use, alcohol contributes to traumatic out- 
comes that kill or disable at a relatively young 
age, resulting in the loss of many years of life due 
to death or disability. 
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There is increasing evidence that besides 
volume of alcohol, the pattern of the drinking is 
relevant for the health outcomes. Overall there 
is a causal relationship between alcohol consump- 
tion and more than 60 types of disease and injury. 
Alcohol is estimated to cause esophageal cancer, 
liver cancer, cirrhosis of the liver, homicide, 
epileptic seizures, and motor vehicle accidents 
worldwide. In addition, a possible association 
between alcohol consumption and male and 
female infertility has been suggested. 

Infertility affects 10-15 % of couples attempt- 
ing to conceive [2, 3] during their reproductive 
lifespan. A male factor is identifiable in 40-60 % 
of couples and is the sole etiology in at least 20 % 
of all couples seeking infertility treatments [4, 5]. 
Despite extensive research, it is still not well 
known which maternal and especially paternal 
lifestyle and sociodemographic factors are pre- 
dictors of a couple’s fecundity. Few risk factors 
for male infertility are known as smoking and 
alcohol intake [6, 7] but with conflicting results 
[8, 9]. The inconsistency in the literature seems 
to be due to (1) the small sample size of most of 
the studies, (2) differences in the population 
selected (healthy volunteers or patients suspected 
to be infertile), and (3) the frequent association 
between smoking and alcohol consumption 
reported by several investigators. 

A negative effect of chronic alcoholism on 
male fertility has been previously described. 
Increased impotence has been reported in sub- 
jects suffering from chronic alcoholism, as com- 
pared with the case of nondrinkers [10, 11]. 
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Additionally, testicular atrophy, gynecomastia, 
and loss of sexual interest are often associated 
with alcoholism in men. In the following chapter 
different aspects of the effect of alcohol con- 
sumption on male infertility will be discussed. 


Prevalence of Alcohol Consumption 
on the World Population 


Alcohol is possibly the oldest psychoactive sub- 
stance used in the world. The World Health 
Organization (WHO) estimates that there are 
about two billion people worldwide who con- 
sume alcoholic beverages and 76.3 million with 
diagnosable alcohol use disorders. From a public 
health perspective, the global burden related to 
alcohol consumption, both in terms of morbidity 
and mortality, is considerable in most parts of 
the world. 

Although it is also the most prevalent psycho- 
active substance in the world, the majority of the 
world adult population abstains. Globally, 46 % 
of all men and 73 % of all women abstain from 
alcohol, and most of these persons have not 
consumed any alcoholic beverage during their 
entire lives. 

Among those who are current abstainers, 
some have never consumed alcohol for religious, 
cultural, or other reasons, and some have con- 
sumed alcohol but not in the past year. This latter 
group includes people who have been harmful 
drinkers or alcohol dependent in the past and who 
have stopped because of experiencing the harm- 
ful effects of alcohol. 

Among those who currently consume alcohol, 
there is a wide spectrum of alcohol consumption, 
from the majority who are moderate drinkers 
through to a smaller number of people who regu- 
larly consume a liter of spirits per day or more 
and who will typically be severely alcohol depen- 
dent. However, it is important to note that most of 
the alcohol consumed by the population is drunk 
by a minority of heavy drinkers. 

The rates of abstainers vary considerably 
across countries. The overwhelming majority of 
people in a belt stretching from Northern Africa, 
over the Eastern Mediterranean, South Central 
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Asia, and Southeast Asia to the islands of 
Indonesia abstain for reasons often attributable to 
religion and culture. In other parts of the world 
such as Europe, less than 20 % of the population 
abstains on average. In fact it has been reported 
that alcohol is consumed by nearly 90 % of the 
United Kingdom population over the age of 16. 

According to the WHO Global Status Report 
on Alcohol, the proportion of last year abstain- 
ers among the total adult population reported 
across countries ranged from a low of 2.5 % in 
Luxembourg to a high of 99.5 % in Egypt. In 
relation to lifetime abstainers (have never tried 
alcohol) among the total adult population, the 
rates range from 9.4 % in Latvia to 98.4 % in the 
Comoros. 

Given the role of alcohol in different societies, 
these differences may be quite easily explained. 
The one consistency that appears to transcend cul- 
tures is the difference in abstention rates between 
males and females. A higher proportion of women 
abstain from alcohol than men. A second common 
finding is the role of religion in shaping drinking 
habits. For instance, countries with Islam as the 
official religion almost always have higher rates of 
abstinence. However, in each case, one must keep 
in mind that patterns of abstinence, like drinking 
patterns, may vary within specific subpopulations 
and across different regions of a particular country. 
This is especially true for multicultural and multi- 
ethnic societies, in which different groups may 
represent quite diverse traditions with respect to 
alcohol. 


Effect of Alcohol Consumption 
on Male Infertility (Results) 


Overview of Alcohol Consumption 
Effect on Male Infertility 


In adults, a possible effect of alcohol exposure 
during spermatozoa production on semen param- 
eters has been assessed in a limited number of 
studies with conflicting results: some indicate a 
detrimental effect [12], but others point towards 
no or even a protective effect of moderate amounts 
of alcohol [13]. Whether maternal alcohol 


6 The Effect of Alcohol Consumption on Male Infertility 


consumption during pregnancy is associated with 
poor semen quality in the male offspring is still 
to be elucidated. In fact, moderate prenatal expo- 
sure to alcohol was associated with lower sperm 
concentrations, and sons exposed to >4.5 drinks 
per week in utero had approximately one-third 
lower sperm concentration than sons exposed to 
1 drink per week [14]. 

An ethanol-induced oxidative stress is not 
restricted to the liver, where ethanol is actively 
oxidized, but can affect various extrahepatic tis- 
sues as shown by experimental data obtained in 
the rat during acute or chronic ethanol intoxica- 
tion. Most of these data concern the central ner- 
vous system, the heart, and the testes. 

That alcohol abuse may lead to testicular lipid 
peroxidation is suggested by the fact that ethanol 
is a known testicular toxin and its chronic use 
leads to both endocrine and reproductive failure. 
Because testicular membranes are rich in polye- 
noic fatty acids that are prone to undergo peroxi- 
dative decomposition, it is reasonable to consider 
that lipid peroxidation may contribute to the 
membrane injury and gonadal dysfunction that 
occurs as a result of alcohol abuse and/or chronic 
use. Consistent with such a mechanism for puta- 
tive alcohol-associated testicular toxicity are the 
observed reductions in the testicular content of 
polyenoic fatty acids and glutathione (GSH) con- 
tent of the testes of alcohol-fed animals as com- 
pared to isocalorically fed controls [15]. 

The increased conversion of xanthine dehydro- 
genase into xanthine oxidase as well as the activa- 
tion of peroxisomal acyl-CoA oxidase linked to 
ethanol administration could contribute to the oxi- 
dative stress [16]. Chronic ethanol administration 
elicits in the testes an enhancement in mitochon- 
drial lipid peroxidation and a decrease in the GSH 
level, which appear to be correlated to the gross 
testicular atrophy observed [17]. It is well known 
that peroxidation injury can be attenuated when it 
occurs in association with dietary vitamin A sup- 
plementation. Thus, it is of interest to note that 
vitamin A, acting as an antioxidant, stabilizes 
testicular membranes by reducing lipid peroxi- 
dation and prevents the alcohol-induced atrophy 
that occurs in animals not receiving vitamin-A- 
enriched diets. Vitamin A supplementation 
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attenuates the changes in lipid peroxidation, 
GSH, and testicular morphology [17]. 

Taken together, these observations suggest 
that the enhanced peroxidation of testicular lipids 
that occurs following ethanol exposure may be an 
important factor in the pathogenesis of alcohol- 
associated gonadal injury. 


Alcohol’s Effect on Semen Parameters 
and Spermatozoa 


Dunphy and colleagues [18] evaluated the rela- 
tionship between male alcohol intake and fertility 
in 258 couples attending an infertility clinic. 
No association between the amount of alcohol 
and sperm parameters was observed in this study. 
In addition, there was no significant difference in 
the alcohol intake between normal and abnormal 
female groups. In addition, there was no signifi- 
cant association between the amount of alcohol 
consumed per week and the fertility outcome. 
Data from the Ontario Farm Family Health Study 
were analyzed to determine whether alcohol use 
among men and women impact upon fecundabil- 
ity [19]. In this retrospective study, the alcohol 
use among women and men was not associated 
with fecundability. A multicenter prospective study 
evaluated whether the amount and the timing of 
female and male alcohol use during in vitro fertil- 
ization program affected the reproductive out- 
come. The risk of not achieving a live birth 
increased by 2.28-8.32 times, depending on the 
time period, in men who drank one additional 
drink per day [20]. 

From a cohort of pregnant women established 
in 1984-1987, 347 young adult sons were selected 
for a follow-up study conducted in 2005-2006 
[14]. The results of this study showed that the 
sperm concentration decreased with increasing 
prenatal alcohol exposure. The adjusted mean 
sperm concentration among sons of mothers 
drinking nearly 4.5 drinks per week during preg- 
nancy was 40 million per mL, which was approxi- 
mately 32 % lower compared with the sons of 
mother exposed to 1 drink per week. The semen 
volume and the total sperm count were also 
associated with the mothers’ prenatal alcohol 
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exposure; sons prenatally exposed to 1.0-1.5 
drinks per week had the highest values. 
Experimental and clinical studies suggest that 
alcohol consumption may alter both testosterone 
secretion and spermatogenesis. In fact, it is well 
known that alcohol consumption produces sig- 
nificant spermatozoon morphological changes 
which include breakage of the sperm head, 
distention of the midsection, and tail curling 
[21]. In addition, seminiferous tubules in alcohol 
users mostly contain degenerated spermatids 
with a consequent azoospermia [21]. These 
effects may be due to alteration of the endocrine 
system controlling the hypothalamic—pituitary— 
gonadal (HPG) axis function and/or to a direct 
effect on testis and/or male accessory glands 
(21, 22]. In particular, experimental evidence 
suggests that ethanol is a Leydig cell toxin [22] 
although dose-dependent effects of alcohol on 
human spermatogenesis are not well known. A 
recent case report showed that an azoospermic 
patient recovered normal sperm parameters 
3 months after alcohol consumption discontinua- 
tion [23], which has raised the interest for this 
topic. The present article briefly reviews the main 
preclinical and clinical evidences on this topic. 


Animal Evidence 

C57B1 mice have been used to evaluate the 
effects of ethanol on the testicular function and 
its reversal following alcohol withdrawal [22]. 
This interesting and comprehensive study showed 
that an ethanol-containing diet alters testicular 
function and that this effect is partially reversible 
upon discontinuation of alcohol consumption. 

In another experimental study [24] male mice 
were evaluated showing an increased percentage 
of morphological abnormal spermatozoa. There 
was a significant effect of paternal alcohol expo- 
sure on implantation rate, but no effects on pre- or 
postnatal mortality or fetal weight were observed. 
Dhawan and Sharma [25] reported that ethanol 
resulted in a decreased libido (evaluated by mat- 
ing behavior) and decreased sperm number [26]. 
These detrimental effects on sexual/reproductive 
function were counteracted by the administration 
of a tri-substituted benzoflavone moiety isolated 
from Passiflora incarnata Linneaus. Talebi and 
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colleagues [26] evaluated the effect of ethanol 
consumption on sperm parameters and chromatin 
integrity of spermatozoa aspirated from the epi- 
didymal cauda of rats allowed to drink ad libitum 
ethanol compared to control rats. The results 
showed that progressive and nonprogressive 
motility were significantly lower in ethanol-con- 
suming rats compared with control animals, 
whereas the percentage of aniline blue-reacted 
spermatozoa were similar in both groups. 
However, the percentages of spermatozoa positive 
to chromomycin A3, toluidine blue, or acridine 
orange were significantly higher in ethanol drink- 
ing rats compared with controls. 


Clinical Evidence 

Chronic and persistent alcohol use is known to 

induce sexual dysfunction, which leads to marked 

distress and interpersonal difficulty [12, 13, 20, 

24]. This, in turn, is known to worsen the alcohol 

abuse. Sexual dysfunction in the alcoholic may 

be due to the depressant effect of alcohol itself, 
alcohol-related disease, or due to a multitude of 
psychological forces related to the alcohol use. 

The spectrum of sexual dysfunction encompasses 

all of the following aspects: 

1. Decreased sexual desire—persistent or recur- 
rent deficiency or absence of desire for sexual 
activity giving rise to marked distress and 
interpersonal difficulty 

2. Sexual aversion disorder—persistent or recur- 
rent aversion and avoidance of all genital sex- 
ual contact leading to marked distress and 
interpersonal difficulty 

3. Difficulty in erection—recurrent or persistent, 
partial or complete failure to attain or main- 
tain an erection until the completion of the sex 
act 

4. Difficulty in achieving orgasm—persistent or 
recurrent delay in or absence of orgasm, fol- 
lowing a normal sexual excitement phase 

5. Premature ejaculation—persistent or recur- 
rent ejaculation with minimal sexual stimula- 
tion, before, on, or shortly after penetration 
and before the person wishes it, which causes 
marked distress 
Alcohol has been shown to have a deleterious 

effect at all levels of the male reproductive system. 
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It interferes with the HPT axis regulation resulting 
in an impairment of luteinizing hormone (LH) 
and follicle-stimulating hormone (FSH) secre- 
tion [27, 28]. Moreover, a progressive testicular 
damage and the consequent decrease of sex hor- 
mones lead to a loss of secondary sexual charac- 
teristics and the onset of erectile dysfunction and 
infertility [12, 29]. 

A significant seminal fluid volume and sperm 
concentration decrease has been reported in men 
with alcohol dependence syndrome [30]. 
Hormonal serum levels, measured in only five of 
them, showed low testosterone levels and normal 
LH, FSH, and prolactin values. Thus, hypotestos- 
teronemia may explain the observed reduction of 
the seminal plasma volume. In addition, a higher 
percentage of morphologically abnormal sper- 
matozoa were observed in these men compared 
with controls, but no correlation has been found 
with the amount or the duration of alcohol con- 
sumption. The lack of a compensatory increase 
of LH and FSH concentrations suggests that 
alcohol has an inhibitory effect on the central 
component of the HPT axis [31]. Indeed, alcohol 
may alter gonadotropin-releasing hormone 
receptor function at the pituitary levels or the 
interaction of these receptors with gonadotropin- 
releasing hormone, resulting in a diminished LH 
release. In addition, alcohol seems to interfere 
negatively with the LH biological activity. 
Furthermore, the increased b-endorphin levels 
observed after acute or chronic alcohol consump- 
tion may contribute to testicular damage. 
Additionally, sperm parameter abnormalities 
have been reported to be significantly associated 
with elevated serum LH, FSH, and 17b-estradiol 
levels and significantly decreased serum testos- 
terone levels, thus suggesting the presence of a 
primary testiculopathy in men drinking ethanol 
[32]. Goverde and colleagues [33] did not find 
any statistically significant difference for seminal 
fluid volume, sperm concentration, and percent- 
age of motile spermatozoa in daily drinkers and 
subfertile patients. On the other hand, a signifi- 
cantly lower percentage of morphologically 
normal spermatozoa in daily drinkers compared 
with subfertile patients was reported [33]. Semen 
volume, sperm count, motility, and the percentage 
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of morphologically normal spermatozoa were 
reported to be significantly decreased in 66 non- 
smoking and drug-free alcoholics who consumed 
a minimum of 180 mL of alcohol per day for a 
minimum of 5 days per week for one year. The 
morphological abnormality was mainly relative 
to the sperm head [34]. Gaur and colleagues [35] 
reported that only 12 out of 100 alcoholics had 
normozoospermia compared with 37 % of nonal- 
coholic control men. 

Kuller and colleagues [22] evaluated testicular 
and liver pathology and related the findings with 
the estimated alcohol consumption among men 
who had died suddenly from a variety of causes. 
Out of the men studied, 14 % had a moderate-to- 
severe decrease in spermatogenesis, but only nine 
of these men had also severe or very severe fatty 
infiltration of the liver. These findings suggest 
that testicular spermatogenesis seem to be more 
sensitive to alcohol than liver tissue. A subse- 
quent prospective autopsy study further explored 
the relationship between alcohol consumption, 
spermatogenesis, and morphometric analysis of 
the human testis [28]. 

The mean testicular weight of heavy drinkers 
was slightly but significantly lower compared 
with that of controls. Compared to men with nor- 
mal spermatogenesis, testicular weight was 
slightly lower in heavy drinkers with spermato- 
genic arrest and significantly lower in heavy- 
drinking men with Sertoli cell-only syndrome. 
Spermatogenic arrest was not correlated with 
fatty liver or cirrhosis of the liver, whereas four of 
the five men with Sertoli cell-only syndrome 
exhibited a fatty liver. 


Possible Mechanisms Through 
Which the Alcohol Affects Male 
Reproduction 


An ethanol-induced oxidative stress is not 
restricted to the liver, where ethanol is actively 
oxidized, but can affect various extrahepatic tis- 
sues as shown by experimental data obtained in 
the rat during acute or chronic ethanol intoxica- 
tion. Most of these data concern the central ner- 
vous system, the heart, and the testes [15]. 
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That alcohol abuse may lead to testicular lipid 
peroxidation is suggested by the fact that ethanol 
is a known testicular toxin and its chronic use 
leads to both endocrine and reproductive failure. 
Because testicular membranes are rich in polye- 
noic fatty acids that are prone to undergo peroxi- 
dative decomposition, it is reasonable to consider 
that lipid peroxidation may contribute to the 
membrane injury and gonadal dysfunction that 
occurs as a result of alcohol abuse and/or chronic 
use. Consistent with such a mechanism for puta- 
tive alcohol-associated testicular toxicity are the 
observed reductions in the testicular content of 
polyenoic fatty acids and GSH content of the tes- 
tes of alcohol-fed animals as compared to isoca- 
lorically fed controls [36]. 

The increased conversion of xanthine dehy- 
drogenase into xanthine oxidase as well as the 
activation of peroxisomal acyl-CoA oxidase 
linked to ethanol administration could contribute 
to the oxidative stress. Chronic ethanol adminis- 
tration elicits in the testes an enhancement in 
mitochondrial lipid peroxidation and a decrease 
in the CGS level, which appear to be correlated to 
the gross testicular atrophy observed. It is well 
known that peroxidation injury can be attenuated 
when it occurs in association with dietary vita- 
min A supplementation. Thus, it is of interest to 
note that vitamin A, acting as an antioxidant, sta- 
bilizes testicular membranes by reducing lipid 
peroxidation and prevents the alcohol-induced 
atrophy that occurs in animals not receiving 
vitamin-A-enriched diets. Vitamin A supplemen- 
tation attenuates the changes in lipid peroxida- 
tion, GSH, and testicular morphology [37]. Taken 
together, these observations suggest that the 
enhanced peroxidation of testicular lipids that 
occurs following ethanol exposure may be an 
important factor in the pathogenesis of alcohol- 
associated gonadal injury (Fig. 6.1). 

A significant negative association was 
observed between daily alcohol consumption and 
polycyclic aromatic hydrocarbon-DNA adducts 
in spermatozoa [38]. Horak and colleagues ana- 
lyzed the levels of bulky DNA adducts in sperma- 
tozoa and did not find any correlation between 
alcohol and sperm DNA adducts. 


E. Borges Jr. and F.F. Pasqualotto 


Individual Variability to Alcohol 
Consumption: Role of Genetic 
Background and Other Factors 


The glutathione S-transferase (GST) M1 geno- 
type may be associated with a greater susceptibil- 
ity to develop, via direct mechanism at testicular 
level, alcohol-induced spermatogenesis disorders 
[39]. The homozygous deletion of the GST M1 
gene may indicate increased susceptibility to 
develop irreversible liver damage in response to 
the toxic effects of ethanol. The association 
between alcohol-induced alteration of human 
spermatogenesis and the GST M1 genotype was 
investigated in an autopsy study comprising 271 
subjects [40]. The results of this study showed 
that among moderate-drinking men, 42 % of the 
subjects had normal spermatogenesis, whereas 
48 % had partial, and 10 % had complete sper- 
matogenic arrest. Among men with normal sper- 
matogenesis, 42.9 % had the GST M1 genotype 
with a frequency similar to that found in men with 
partial or complete spermatogenic arrest (44.8 %). 
Among the heavy-drinking men, 21.2 % of the 
subjects had normal spermatogenesis, 36.3 % had 
partial spermatogenic arrest, 38.2 % showed com- 
plete spermatogenic arrest, and 4.2 % showed 
Sertoli cell-only syndrome. Interestingly, 60 % of 
the heavy drinkers with normal spermatogenesis 
had the GST M1 genotype when compared with 
those with disorders of spermatogenesis. The fre- 
quency of GST M1 genotype in heavy drinkers 
with normal spermatogenesis also differed from 
that of corresponding moderate drinkers, whereas 
the frequency of GST M1 genotype in heavy 
drinkers with disorders of spermatogenesis was 
similar to moderate drinkers with or without dis- 
orders of spermatogenesis. The finding that 20 % 
of heavy drinkers had normal spermatogenesis 
suggests that the GST M1 genotype exerts a pro- 
tective effect on alcohol-induced spermatogenesis 
disorders. Among factors that may potentiate the 
toxic action of alcohol protein malnutrition, other 
nutritional deficiencies or imbalances and the 
associated liver disease are frequently encoun- 
tered. Due to a low dietary intake or excessive loss 
of micronutrients, caused by vomiting or diarrhea, 
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Fig.6.1 Possible 
mechanisms through which 
alcohol affects male 
reproduction 


Impairment of 
LH and FSH 
secretion 


Endocrine 
system failure 


the lack of certain minerals is often present in 
alcohol users. These include Zn (which plays an 
important role for the activation of alkaline phos- 
phatase, carbonic anhydrase, and alcohol dehy- 
drogenase), Mg (important in some metabolic 
processes and for stabilizing DNA, RNA, and 
ribosomes), and possible states of folate defi- 
ciency and hypovitaminosis (A, D, E) in many 
organs (liver, muscle, heart, testis, and male 
accessory glands). 
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In a study performed on a group of alcohol 
abusers and control group, the patients had 
significantly low plasma testosterone with low 
LH and FSH concentrations, associated with 
oligo-asthenozoospermia and increased oxida- 
tive stress. The latter was due to high thiobar- 
bituric acid reactive substances, superoxide 
dismutase, GST, low glutathione, ascorbic 
acid, catalase, GSH reductase, and GSH 
peroxidase. 
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Discussion and Conclusion 


Alcohol-attributable injuries are of a growing 
concern to the public health community, with 
alcohol-related injuries such as road traffic acci- 
dents, burns, poisonings, falls, and drowning. 
Sexual disorders have also been reported fre- 
quently in chronic alcoholics. Alcohol exposure 
has been associated with a reduction in seminif- 
erous tubular diameter and germinal epithelium, 
sperm concentration, percentage of spermatozoa 
with normal morphology, and sperm motility 
(30, 41]. In addition, a decrease in testicular and 
serum levels of testosterone has been reported 
among ethanol consumers [42, 43]. 

Alcohol exerts a dose-related toxic effect on 
testicular function. Spermatogenesis disruption 
and a primary testicular insufficiency and com- 
pensatory increase of FSH and LH secretion have 
been observed in alcoholics [44, 45]. 

Drinking alcohol is considered a common 
social entertainment. A significant association 
between alcohol and cigarette consumption has 
been reported by several researchers [46—49]. 
According to Rubes et al. [46], alcohol consump- 
tion cannot be separated from smoking because 
most smokers consumed moderate to high 
amounts of alcohol, whereas most nonsmokers 
were also nondrinkers. In addition, based on pre- 
vious reports suggesting that moderate drinking 
does not affect male gametes’ quality [19, 50], 
most of the investigators do not separate, for sta- 
tistical analysis, those men who have the two 
habits from those who have only one [46, 47]. 
Nevertheless, the synergic or additive effects of 
these substances on the male reproductive 
physiology cannot be discarded. 

In fact, a reduction in sperm concentration and 
in the percentage of spermatozoa with normal 
morphology has been detected in chronic alco- 
holics and in smokers. The above modifications 
suggest a synergistic or additive effect of both 
toxic habits on male reproductive function. 

It is evident from the findings of different 
studies that chronic alcohol consumption has a 
detrimental effect on male reproductive function, 
which, in turn, will make people who are addicted 
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to alcohol impotent and sterile. However, until 
relatively recently, alcohol consumption was not 
discussed. Because of insufficient knowledge and 
limited research data, health care providers often 
overlook substance abuse and misuse among 
adults. Other factors responsible for the lack of 
attention to substance abuse include the current 
disapproval of and shame about use and misuse 
of substances, along with a reluctance to seek 
professional help for what many consider a pri- 
vate matter. 

In conclusion, male patients should be specifi- 
cally warned of the negative effect of chronic 
alcohol consumption on their reproductive com- 
petence and be advised to refrain from chronic 
alcohol consumption if they want to procreate 
and lead a normal sexual life [32]. 
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Fanuel Lampiao, Taryn Lockey, Collins E. Jana, 
David Moon Lee, and Stefan S. du Plessis 


Introduction 


Infertility can be a shocking diagnosis, and in 
some regions fertility is regarded as an integral 
aspect of certain traditional and societal roles; 
however, near to 15 % of couples are categorized 
as infertile [1]. The clinical definition of infertility 
is a couple’s inability to achieve a pregnancy after 
1 year of unprotected, regular, and well-timed 
intercourse [2]. There are two types of infertility: 
primary infertility describes couples that have never 
achieved parenthood and secondary infertility 
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describes couples with a history of parenthood [3]. 
Thirty percent of infertile couples are infertile due 
solely to a male factor, and that statistic rises to 
50 % when couples that are experiencing difficulty 
achieving pregnancy due to a combination of male 
and female factors are included [4—6]. 

Abuse of drugs and misuse of prescription medi- 
cations or household substances seems to be on the 
rise [7, 8]. According to the World Health 
Organization, marijuana, opioids, methamphet- 
amine and 3, 4-methylenedioxymethamphetamine 
(MDMA), and cocaine are the most commonly used 
recreational drugs in the world. Although creatine 
and steroid use is not as prevalent as recreational 
drug use, it has garnered much public attention 
recently as professional athletes come under more 
criticism and scrutiny regarding their use. 
Additionally, as with recreational drug users, the 
predominant users of creatine and anabolic steroids 
are young males in their reproductive years [9]. 

People abuse these drugs for several reasons, 
which include to gain social acceptance, to 
relieve boredom, to rebel, to experiment, and to 
improve their performance [8]. For instance, 
androgens are now widely used by professional 
and recreational athletes, weight lifters and body- 
builders, and non-athletes wishing to enhance 
their appearance [7]. There is an accumulating 
body of evidence in the literature suggesting that 
drug abuse negatively affects the reproductive 
system [10, 11]. Use of steroids in men decreases 
levels of luteinizing hormone and follicle stimu- 
lating hormone (FSH), which lead to decreased 
endogenous testosterone production, decreased 
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spermatogenesis, and testicular atrophy. These 
effects have been shown to lead to infertility [12]. 

A clinical evaluation for the presence of a male 
factor influencing a couple’s fertility is indicated if 
there is a failure to conceive after at least 12 
months of unprotected, regular, and well-timed 
intercourse for couples below the age of 35 [13]. 
Many cases of male infertility do not present with 
any obvious signs: intercourse, erections, and ejac- 
ulation occur without difficulty, and ejaculate 
appears normal upon visual inspection [5]. 

In this chapter, we aim to describe the drug, 
highlight key facts about typical usage, and 
describe the endocrine and overall fertility effects 
of each drug. Finally, we will discuss some treat- 
ment options for recreational drug and steroid- 
induced male infertility. 


Causes of Male Infertility 


Pathological causes of male infertility can be broadly 
classified as pre-testicular, testicular, and post-testic- 
ular. Some pre-testicular causes of infertility are 
hypo- and hypergonadotropic hypogonadism, 
Kallman Syndrome and medications or genetic 
abnormalities that affect the hypothalamic-pituitary- 
gonadal (HPG) axis. Common testicular causes of 
infertility are varicocele, cryptorchidism, testicular 
injury, testicular cancer, and congenital abnormali- 
ties. Examples of post-testicular causes of infertility 
are congenital bilateral absence of the vas deferens 
(CBVAD), erectile dysfunction, Young’s syndrome, 
nerve injury, and abnormal coital practices [14]. 
Drug and substance abuse has emerged as a fac- 
tor of interest of male infertility because these 
drugs often affect male reproduction via a trifecta 
of pre-, post-, and direct testicular influences. This 
chapter will discuss how the commonly used drugs 
and substances such as marijuana, opioids, meth- 
amphetamine and ecstasy, cocaine and creatine and 
steroids contribute to male infertility (Fig. 7.1). 


Marijuana 
Marijuana is the common name for the Cannabis 


plant. There is controversy over the number of 
cannabis species, with more recent morphological 
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and genetic data suggesting three distinct species 
(Cannabis sativa, Cannabis indica, and Cannabis 
ruderalis) instead of the traditional view of a soli- 
tary cannabis species. Marijuana use predates 
recorded history, and was used for a myriad of 
purposes. Marijuana seeds were used as fuel and 
food, fibers in the stalks were used to make rope 
and clothing, and the flower was used for a vari- 
ety of pharmaceutical purposes [15]. Marijuana 
is now known to be a psychostimulant that affects 
ones’ perception of reality by causing mild hal- 
lucinations and euphoria [16]. Although it is ille- 
gal throughout most of the world, marijuana still 
remains the most widely used recreational drug 
in the world [17]. It is able to exert both stimula- 
tory and depressant effects through various 
receptors—perhaps due, in part, to the wide vari- 
ety of constituent compounds [18]. 

Marijuana contains over 420 compounds, but 
the class of compound predominantly responsible 
for the psychological and medical effects are 
called cannabinoids. The most studied of these 
cannabinoids are delta-9-tetrahydrocannabinol 
(THC), cannabinol (CBN), and cannabidiol 
(CBD). Although THC is thought to be responsi- 
ble for the majority of the psychoactive effects, 
there is a complex interplay between the various 
cannabinoid and terpenoid components of mari- 
juana that is yet to be elucidated [19]. THC is also 
thought to be responsible for exerting most of 
marijuana’s negative effects on male fertility; 
however, this may be due to the overwhelming 
number of studies focusing on THC and infertility 
and the relative absence of studies focusing on 
other compounds in marijuana and infertility [16]. 

THC is a lipid soluble compound and can form 
a reserve within adipose tissue [20]. Due to its lipid 
solubility, THC was thought to reach its areas of 
action by diffusion across lipid membranes; how- 
ever, this hypothesis was rejected after cannabinoid 
receptors were identified in humans [21]. Only a 
small quantity of THC is needed to elicit its effects 
as it can bind directly to lipoproteins [16]. 


How Is Marijuana Used? 


Marijuana is used as both a recreational and 
medical drug; however, due to its illegal status in 
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Fig.7.1 Recreational and performance enhancing substance abuse that causes infertility 


most countries it is most commonly used as a 
recreational drug [22]. Marijuana is still most 
commonly found in three forms, and these forms 
are often called by their Indian names: bhang, or 
‘grass’ in the USA, includes flowers, stems, 
leaves, and seeds of the cannabis plant; ganja is 
the seedless unfertilized flowers of the female 
plant; and charas, commonly referred to by its 
Arabic name ‘hashish’, is a collection of cannabis 
resin and trichomes from the cannabis flowers [23]. 
These preparations can be smoked using a pipe or 
marijuana cigarette, vaporization, or the histori- 
cally preferred method of ingestion via marijuana 
tea, tincture, or food preparations [19, 23]. 


Endocrine Effects of Marijuana 
THC, CBN, and CBD are similar enough to 


endogenous human cannabinoids, called endo- 
cannabinoids, to interact with the endocannabi- 


noid system (ECS) [24] and behave as ligands to 
the CB1 and CB2 cannabinoid receptors. CB1 
receptors are found in the hypothalamus, pitu- 
itary, testes, prostate, vas deferens, and sperma- 
tozoa, while CB2 receptors have been localized 
in the hypothalamus and Sertoli cells, with some 
evidence of their presence in spermatozoa 
[25-27]. 

Marijuana has been shown to inhibit the 
release of the reproductive hormones, growth 
hormone, and thyroid hormone [28] from the 
anterior pituitary, which is regulated by the hypo- 
thalamus [29-31]. Marijuana also exerts an 
inhibitory effect on gonadotropin releasing hor- 
mone (GnRH), which is responsible for initiating 
the release of the FSH and luteinising hormone 
(LH) [29]. It is postulated that this effect might 
be due to an accumulation of catecholamines in 
the brain, which can downregulate the release of 
GnRH [30]. It is generally accepted that both 
acute and chronic use of marijuana also depresses 
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testosterone levels [31-33]; however, there is 
conflicting evidence showing no significant 
changes in LH, FSH, or testosterone levels for 
chronic users [34]. 

The presence of CB1 receptors in the pituitary 
gland of the brain and Leydig cells of the testes 
indicate that cannabinoids exert a direct effect on 
the production of these hormones [31], and the 
presence of both CB1 and CB2 receptors in the 
GnRH secreting cells of the hypothalamus sug- 
gest that the ECS also plays an indirect role in 
regulating HPG axis activity. 


Effects of Marijuana on the Testes, 
Spermatozoa, and Fertility 


Evidence suggests that cannabinoids decrease the 
weight of the prostate, epididymis, and testes 
through breakdown of seminiferous tubules; 
however, these changes have not been measured 
in humans [30, 35]. The role of CB2 receptors in 
male reproduction is yet unclear; however, it 
seems that they do play an important role in male 
reproduction as they help regulate the survival of 
Sertoli cells via their protective role against the 
endogenous cannabinoid N-arachidonoylethano- 
lamine (AEA) [36]. 

CBI receptors have been localized in testes 
and germ cells through all stages of sperm devel- 
opment [35, 37]. Both isoforms of THC are able 
to bind directly to the head and midpiece of the 
sperm via the CB1 receptor [38], which helps 
explain reduction in sperm motility, concentra- 
tion, and viability [38-41]. Furthermore, the CB1 
receptor has been shown to play an important 
role in regulating capacitation and the acrosome 
reaction through its binding with the ligand 
AEA [36, 42, 43], which has been found at sig- 
nificantly lower levels in the seminal plasma of 
infertile men compared to fertile men and fur- 
ther supports the importance of CB1 in male 
infertility [44]. 

Although much is still unclear, the evidence 
supports marijuana having a negative effect on 
male reproductive capacity. This is of particular 
concern because marijuana is the most widely 
used recreational drug in the world, especially 
amongst men of reproductive age. 
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Opioids 


Opioids are a class of analgesic medications that 
are prescribed for treating acute or chronic pain, 
or relieving coughs or diarrhea, and they are 
derived from the poppy plant [45]. Some com- 
mon examples of opioid pain medications include 
morphine, hydrocodone, and oxycodone [46]. 
Heroin, which is synthesized from morphine, is 
an illegal, rapidly acting addictive opioid. Opioids 
are the third most commonly abused category of 
drug in the world [46]. 


How Are Opioids Used? 


In modern medicine, opioids are most commonly 
used for their analgesic properties; however, rec- 
reational users consume high doses in order to 
induce euphoria and other euphoric feelings. 
Opioids may be ingested, injected, insufflated, 
used as a suppository or smoked. Accordingly, 
these drugs are available in pill, liquid, powder, 
and resin forms [45]. 

The acute use of opioids can cause an 
increase in growth hormone, thyroid stimulating 
hormone (TSH), and prolactin as well as a 
decrease in LH, testosterone, estradiol, and oxy- 
tocin in humans [47]. All of these changes were 
seen from direct opioid action at the hypotha- 
lamic, pituitary, and gonadal levels in humans 
[47, 48]. It is thought that the decrease in LH 
caused by opioid inhibition at the hypothalamus 
consequently leads to a decrease in testosterone 
levels [49, 50]; however, an alternative explana- 
tion is opioid-induced hypersensitivity to testos- 
terone, which inhibits the release of LH [51]. 
Evidence of the latter explanation is that innoc- 
uous doses of testosterone have been shown to 
be significantly inhibitory of LH release after 
morphine administration [52]. 


Effects of Opioids on Testes, 
Sperm, and Fertility 


Opioids affect the function of the testes indirectly 
through changes in LH and testosterone levels. 
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A direct mode of influence is suggested due to 
altered testicular function from reduced testicular 
interstitial fluid (TIF) volume [53]; however, it is 
still unclear whether such a mode of influence 
exists. Spermatozoa are affected both indirectly via 
altered reproductive hormone pulses and directly 
via opioid receptors located on the spermatozoa 
themselves [48, 51-55]. Evidence about the effects 
of opioids on sperm motility, concentration, and 
viability is inconsistent. Studies contradict each 
other in regard to the degree and even the presence 
of changes in the aforementioned sperm parame- 
ters; however, it is generally agreed that there is a 
significant reduction in number of pregnancies 
when males are exposed to opioids in animal 
models [48, 56, 57]. Also, men on prolonged opi- 
oid treatments also experienced erectile dysfunc- 
tion, difficulty with ejaculation, and decreased sex 
drive [58]. Therefore, despite lack of consensus 
about the effects of opioids on actual sperm 
parameters, it is obvious that opioids reduce the 
likelihood of male reproductive success. 


Methamphetamine and MDMA 


Methamphetamine and MDMA belong to the drug 
class amphetamine, which is the second most 
widely abused type of drug in the world [Word 
Drug Report]. Methamphetamine in its crystalline 
form is commonly called crystal meth, ice, Tina, or 
glass [59]. It is classified as a psychostimulant and 
causes a heightened sense of alertness and aware- 
ness as well as hallucinations [30]. MDMA causes 
a euphoric high as well as a burst of energy and 
feelings of elation, empathy, and excitement [60]. 
MDMA is also known as ecstasy, E, X, and molly 
[61, 62]. Methamphetamine and MDMA cause 
the release of both dopamine and serotonin, 
which are responsible for some of the more plea- 
surable effects and habit formation [63]. 


How Are Methamphetamine 
and MDMA Used? 


Unlike MDMA, which is typically only found in 
tablet form, methamphetamine can be inhaled, 


insufflated, or injected (with the addition of 
water) in its powder form and is typically smoked 
in its pure crystalline form [61, 64]. 

Although once used therapeutically, both 
methamphetamine and MDMA are no longer 
commonly used in a clinical setting. Today, both 
drugs are used recreationally as central nervous 
system stimulants and mild hallucinogens, and 
MDMA is also used recreationally as an empa- 
thogen [61, 64]. 


Endocrine Effects 
of Methamphetamine and MDMA 


Methamphetamine’s effect on reproductive hor- 
mones and the HPG axis has not been well stud- 
ied and little is known [65]; however, a biphasic 
effect on testosterone levels, which first decrease 
and then increase, has been reported [66]. 

Both chronic and acute MDMA use has been 
shown to significantly affect the HPG axis. 
Exposure to MDMA decreased GnRH mRNA, 
LH, and testosterone levels in adult male rats due 
to MDMA’s interruption of the HPG axis at the 
hypothalamus, most likely specifically on the 
GnRH neurosecretory system [67]. 


Effects of Methamphetamine 
and MDMA on Spermatozoa, Testes, 
and Fertility 


Although it is unknown exactly how or if meth- 
amphetamine affects spermatozoa and the testes 
in humans, it has been shown to affect gameto- 
genesis in male mice and rats. Spermatozoa were 
found in lower concentrations, with poorer motil- 
ity and with poorer morphology after acute and 
subacute exposures as well as significantly 
increased apoptosis of germ cells in the seminif- 
erous tubules. These changes were accompanied 
by a decrease in signs of copulation and number 
of live births [66, 68-70]. 

MDMA has been shown to decrease the con- 
centration, motility, and DNA integrity of sper- 
matozoa in rats [67, 68]. MDMA disrupts the 
redox cycle and causes the production of reactive 
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oxygen species. The resultant oxidative stress 
can damage the DNA in the spermatozoa [71]. 
Other effects of chronic MDMA use that have 
been observed include tubular degeneration and 
interstitial oedema, which may contribute to the 
other adverse sperm parameters [72]. 


Cocaine 


Cocaine (benzoylmethylecgonine) is the fourth 
most widely used type of drug in the world 
[World Drug Report], and cocaine abuse has 
adverse affects on the cardiovascular, cerebrovas- 
cular, pulmonary, and reproductive functions 
[73]. Cocaine is extracted from the leaves of the 
coca plant and is commonly known as coke, 
blow, and crack. It is highly addictive due to its 
blockage of dopamine reuptake [74]. 


How Is Cocaine Used? 


The coca leaf must be processed into a paste from 
which freebase cocaine is extracted; then the 
freebase cocaine is further purified and processed 
into a crystalline salt, cocaine hydrochloride 
[75]. Cocaine hydrochloride is the powder form 
of cocaine that can be insufflated, inhaled, 
injected, ingested, and absorbed through the 
gums or as a rectal suppository; however, cocaine 
hydrochloride can be reduced back into a less 
pure version of freebase cocaine called crack 
cocaine. The vaporization temperature of free- 
base cocaine is 98 °C, much lower than that of 
cocaine hydrochloride. Because freebase cocaine 
remains relatively stable at this low vaporization 
temperature, the predominant method of abuse of 
freebase cocaine is by inhaling the vapor [76]. 


Endocrine Effects of Cocaine 


Despite the brain having the highest affinity to 
cocaine amongst selected rat organs, it seems 
that cocaine’s effect on male reproduction via 
hormonal changes is limited. Multiple studies 
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have found changes in LH and prolactin levels 
amongst male cocaine users [77, 78]. Interest- 
ingly, the fluctuations in testosterone levels 
seen in animal studies were not seen in humans, 
and there was no change in testosterone levels 
corresponding to depression of LH levels [79]. 
LH and prolactin levels attenuated after 
2 weeks of cocaine abstinence, and levels 
returned to normal after 4 weeks of cocaine 
abstinence [77, 78]. 


Effects of Cocaine on Spermatozoa, 
Testes, and Fertility 


Cocaine has been shown to cause testicular 
lesions, apoptosis of germ cells, reduced testes 
weight, and reduced seminiferous tubule diame- 
ter in rats possibly by direct action since cocaine 
specific binding sites in rat testes have been iden- 
tified [80], however, the specific mechanism by 
which cocaine causes testicular damage is 
unknown. Although these effects have not been 
assessed in humans, various changes in semen 
parameters also support cocaine having detri- 
mental effects on male fertility. Yelian et al. and 
Hurd et al. observed decreases in human sperm 
motility when exposed to high concentrations of 
cocaine [80, 81], although Yelian et al. found that 
this decrease did not persist or affect the ability of 
the cocaine exposed human sperm to fertilize 
hamster oocytes. Bracken and McSharry (1990) 
found a correlation between prior cocaine use 
and decreases in sperm motility, concentration, 
and morphology, which persisted after account- 
ing for other common risk factors for these three 
semen parameters [82]. It is therefore not sur- 
prising to learn that chronic cocaine exposure 
significantly reduced pregnancy rates in rats. An 
additional consideration that should be taken 
when evaluating the male cocaine user is that 
cocaine specific binding sites have been identi- 
fied in human spermatozoa which are able to 
carry cocaine into the ovum. This toxic exposure 
may affect fetal development and has been shown 
to cause altered behavior in the offspring of 
cocaine exposed male rats [83]. 
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Creatine and Steroids 


Creatine (a-methyl guanidine-acetic acid) sup- 
plements are widely used by athletes as an ergo- 
genic agent [84]. Creatine (Cr) has been shown to 
enhance muscle mass and performance, stop 
disease-induced muscle atrophy, improve reha- 
bilitation, and support cellular energetics [85]. 
Cr, a nonprotein nitrogen, is a compound con- 
taining nitrogen but is not itself a protein. It is 
endogenously synthesized in the liver, kidneys, 
and to a lesser extent in the pancreas [86-88]. 
The remaining Cr found in the body is obtained 
exogenously from a diet of plant and animal ori- 
gin. Studies have shown that about 95 % of the 
body’s Cr is stored in skeletal muscle whereas 
the remaining 5 % is shared by the brain, liver, 
kidney, and testes [89]. In the human body, Cr is 
mainly found in two forms, the phosphorylated 
form (phosphocreatine), which constitutes about 
60 % of total creatine, and the non-phosphorylated 
(free) form [89, 90]. Creatine found in skeletal 
muscle has a different distribution: 67 % is stored 
in a phosphorylated form, and the remainder is in 
its free form [89]. 

Steroids are a synthetic form of testosterone. 
Since the isolation and characterization of testos- 
terone in 1935, modifications to this molecule 
have led to synthesis of various derivatives called 
anabolic-androgenic steroids (AAS) or anabolic 
steroids [91]. Previously, the use of steroids was 
only common among professional athletes and 
body builders, but it has become widely popular 
among recreational athletes. There are an esti- 
mated three million AAS users in the USA alone, 
of which two thirds are noncompetitive body 
builders and non-athletes [91]. 


How Are Creatine and Steroids Used? 


Creatine is primarily used as a dietary supplement. 
Various studies on Cr have shown that its use is 
associated with positive therapeutic effects in dif- 
ferent clinical applications [87]. Studies have 
also shown that using Cr as a sport supplement 


enhances muscular force and power and decreases 
fatigue in longer bout activities. Furthermore, 
Cr supplementation has been shown to increase 
muscle mass [87]. 

The use of AAS has been shown to improve 
athlete performance, but AAS use has also been 
associated with adverse health effects. It has been 
reported that oral administration of steroids pro- 
duces more adverse effects than steroids adminis- 
tered parenterally; however, most athletes and 
body builders use anabolic steroids both orally 
and parenterally, with doses which are up to 40 
times more than normal. Therefore, the rate of 
recurrence of side effects may vary depending on 
type of drug, dosage, and duration of use among 
individuals [92, 93]. 


Endocrine Effects of Creatine 
and Steroids 


Since Cr supplementation has been shown to 
increase lean muscle mass, total work performed, 
muscular power, and fat-free mass [87, 94], it 
has been speculated that Cr stimulates hypertro- 
phy through the endocrine system [94]. To inves- 
tigate this hypothesis, some studies on the effects 
of short-term Cr supplementation on anabolic 
hormones have been conducted; however, con- 
tradictory results have been reported from these 
investigations [95]. 

Studies conducted on individuals adminis- 
tered Cr (25 g/day for 7 days) or placebo to assess 
levels of testosterone and cortisol soon after exer- 
cise showed that Cr had no effect on endocrine 
status [95]; however, studies evaluating acute and 
short-term Cr exposure found that acute oral 
administration of a 20 g Cr bolus raised growth 
hormone levels (83 %) [96], whereas short-term 
Cr administration (20 g/day for 5 days) did not 
induce any changes in cortisol and growth hor- 
mone levels after a session of heavy resistance 
exercise [97]. 

Androgens are responsible for the develop- 
ment of secondary sexual characteristics during 
puberty, as well as creation and maintenance of 
adult sexual function and fertility. Androgens are 
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tissue specific and this is demonstrated by the 
conversion of testosterone to other metabolites 
including dihydrotestosterone (DHT) and estra- 
diol [11]. Since the skeletal muscle lacks 
5a-reductase activity, testosterone and DHT 
emerge to be the only key hormones for androgen 
action. Aromatization of testosterone to estradiol 
is important for differentiation of the brain, bone 
mass secretion, as well as fusion of the epiphyses 
at the end of puberty [11]. By using supraphysi- 
ological doses of steroids, anabolic effects may 
be induced via a different mechanism free of the 
androgen receptor [11]. 

Gynecomastia is a well-known and irrevers- 
ible side effect of anabolic steroid use caused by 
elevated circulating estrogen levels. The estro- 
gens are produced from peripheral aromatization 
of anabolic steroids, and when their concentra- 
tion in males is elevated in circulation, breast 
growth is stimulated [92, 98]. 


Effects of Creatine and Steroids 
on Testes, Spermatozoa, and Fertility 


Studies have shown that creatine kinase (CK) 
plays an important enzymatic role in the genera- 
tion, transport, as well as energy utilization in 
spermatozoa by catalyzing the reversible phos- 
phorylation of Cr to form phosphocreatine [99]. 
It is now known that there are two forms of CK 
isoenzymes in human spermatozoa: CK-B and 
CK-Mi [100]. 

The proportion of CK-Mi to total CK is a 
measure of normal sperm development. Huszar 
et al. (1992) used this proportion to stratify a 
group of couples seeking IVF into two groups, 
and they found that the CK proportion was pre- 
dictive of male fertilizing potential. They also 
found that the CK proportion can be used to 
detect some idiopathic male infertility [101]. 
Huszar et al. (2005) reported that CK activity was 
higher in spermatozoa of oligozoospermic men 
when compared to CK activity in spermatozoa of 
normozoospermic men and that there was no 
relationship between sperm CK activity and 
motility or morphology [102]. Additionally, sper- 
matozoa containing elevated levels of total CK 
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content were regarded as not being mature and 
also poor in various functions [103]. 

Testosterone has strong genitotropic effects, 
so it is no surprise that anabolic steroids, which 
are testosterone derivatives, affect the reproduc- 
tive system as well. The use of anabolic steroids 
causes an elevated level of testosterone [11], 
which puts negative feedback on the 
hypothalamic-pituitary axis resulting in inhibi- 
tion of FSH and luteinizing hormone (LH) pro- 
duction [98]. Prolonged use of high doses of 
anabolic steroids results in decreased levels of 
testosterone, LH, and FSH and can lead to hypo- 
gonadotrophic hypogonadism [92]. Generally, it 
has been reported that suspension of anabolic ste- 
roid use restores gonadal functions within a num- 
ber of months [92, 98]. 


Possible Treatment of Male 
Infertility 


Some infertility problems can be treated in a way 
that permits natural conception. Treatable causes 
of male infertility include: blockage of sperm 
transport (for example, vasectomy); hormonal 
problems; some sexual problems (for example, 
problems with getting and keeping an erection) 
and some reversible conditions (for example, use 
of anabolic steroids) [9]. Most of the drugs that 
contribute to male infertility discussed in this 
chapter do so by disrupting the production hor- 
mones required for the normal process of sper- 
matogenesis such as FSH, LH, and testosterone 
(29, 32, 33]. Consequently, discontinuation of 
use of these drugs would lead to production of 
normal spermatozoa that are capable of fertiliz- 
ing the egg; however, this amelioration has not 
been studied in all of the aforementioned drugs. 
Studies have shown that for marijuana use and 
anabolic steroid use, abstaining from drug use 
can attenuate and even reverse the negative repro- 
ductive effects for males [92, 98], but opioids, 
methamphetamine, MDMA, and cocaine also 
exert a direct influence on testicular function. 
Reproductive damage caused by these drugs may 
not respond to cessation of drug use. A possible 
method of treating infertility caused due to drug 


7 Drugs: Recreational and Performance Enhancing Substance Abuse 101 


abuse is by hormone replacement therapy, 
however, hormone replacement therapy has not 
been studied as a treatment for infertility caused 
by recreational drug or anabolic steroid use. 
More potential treatments may be discovered as 
further elucidation of the mechanism of damage 
for these drugs occurs. Unfortunately, there is a 
paucity in the literature concerning the ameliora- 
tion of this sort of drug-induced damage, and 
treatment options are quite limited. Patient edu- 
cation about negative reproductive effects caused 
by these drugs may be effective in halting the 
progression or even prevention of an infertility 
outcome. 


Conclusion 


Marijuana, opioids, methamphetamine, MDMA, 
cocaine, and anabolic steroids have a negative 
effect on male reproductive capacity through both 
direct and indirect modes of influence. With the 
majority of drug users being males in their repro- 
ductive years and as a decline in semen parameters 
have been observed over the past 50 years, assess- 
ing drug use during patient history is especially 
pertinent today, despite limited treatment options. 
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Damayanthi Durairajanayagam, Rakesh K. Sharma, 
Stefan S. du Plessis, and Ashok Agarwal 


Introduction 


In the male, exposure to heat has a deleterious 
effect on fertility and is considered a significant 
risk factor for male infertility [1]. Testicular tem- 
peratures should ideally be hypothermic compared 
to the core body temperature of 36.9 °C. This is 
essential for maintaining normal spermatogenesis 
and ideal sperm characteristics. A crucial feature 
that contributes towards this is the anatomical posi- 
tion of the human testes, which is located outside 
the body. Homeothermic animals have the ability 
to maintain a stable core body temperature despite 
fluctuating environmental temperatures. This is 
achieved by regulating heat production and loss by 
means of adjusting the body’s metabolism. 

In most homeothermic birds and mammals, 
including humans, testicular function depends on 
temperature. Temperatures that either fall below 
or above the physiological range required for 
optimal testicular function could potentially dis- 
rupt spermatogenesis. Certain land mammals 


D. Durairajanayagam, PhD « R.K. Sharma, PhD 

° A. Agarwal, PhD (%4) 

Center for Reproductive Medicine, Cleveland Clinic, 
Cleveland, OH, USA 

e-mail: agarwaa @ccf.org 


S.S. du Plessis, BSc (Hons), MSc, MBA, PhD (Stell) 
Division of Medical Physiology, Department of 
Biomedical Sciences, Faculty of Medicine and Health 
Sciences, Stellenbosch University, 

Tygerberg, Western Cape, South Africa 


S.S. du Plessis et al. (eds.), Male Infertility: A Complete Guide to Lifestyle and Environmental Factors, 


(such as elephants and rhinoceroses) and aquatic 
mammals (such as whales and dolphins) have 
intra-abdominal testes throughout their lifespan. 
The abdomen is metabolically active and it 
therefore generates a lot of heat. However, 
spermatogenesis functions optimally in these 
mammals despite the proximity of their testes to 
the abdomen. 

Humans, on the other hand, have intra-scrotal 
testes that develop within the abdomen and, 
towards the end of the gestation period, begins its 
descent through the inguinal canals into the scro- 
tum. In humans, normal testicular function is 
temperature dependent and the extra-abdominal 
testes are maintained at temperatures below that 
of core body temperature [2]. Under normal 
healthy environmental conditions, testicular ther- 
moregulation maintains scrotal hypothermy to 
ensure optimal testicular function [1]. 


Testicular Thermoregulation 


The normal physiological temperature of the 
human testis ranges between 32 and 35 °C [3]. 
Thermoregulation in the testis occurs via two 
mechanisms: the physiological properties of the 
scrotum and the counter-current mechanism. 
The scrotum is a loose sac-like structure that 
houses each testicle. The main function of the 
scrotum in most mammals is to prevent heat from 
reaching at the testis by means of adjusting to 
heat stress [4]. The scrotum has features that 
allow free dissipation of heat through passive 
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convection and radiation. These include a large 
total skin surface area that changes according to 
the surrounding temperature, a large number of 
sweat glands, minimal subcutaneous fat, and 
sparse hair. When external temperatures rise and 
cause the scrotal temperature to increase beyond 
a threshold value, cutaneous receptors on the 
scrotal skin are activated, initiating secretions of 
the scrotal sweat glands and active heat loss 
occurs through the evaporation of sweat [4, 5]. 
Vasodilation of the scrotal vessels, the very thin 
scrotal skin and the near-absence of surface hair 
further contribute to heat dissipation. 

The spermatic cord is made up of the testicu- 
lar artery, veins, cremaster muscle, and vas defer- 
ens. The testicular artery is greatly coiled while 
the veins have thin walls and poor musculariza- 
tion. The bulk of the spermatic cord is composed 
of numerous testicular veins that anastomose and 
drain into the convoluted pampiniform plexus 
[6]. The testicular arterial and venous blood ves- 
sels are intimately associated with each other, 
facilitating the transfer of heat between the 
inflowing arterial blood to the outflowing venous 
blood in the spermatic cord. Thus, the arterial 
blood arriving at the testis is effectively cooled 
while the venous blood disperses this heat 
through the scrotal skin [7]. In a normal individ- 
ual, this counter-current heat exchange regulates 
the temperature of the arterial blood supply to the 
testis and epididymis at 2—4 °C below rectal tem- 
perature [7]. 

Thermoregulation of the testis is further aided 
by two muscles: the cremasteric and dartos mus- 
cles. The cremaster muscle is skeletal-type mus- 
cle that is associated with the spermatic cord and 
testis. A reflex contraction of the cremasteric 
muscle can be produced by gently stroking the 
skin on the medial side of the thigh (cremasteric 
reflex). The dartos muscle is a layer of smooth 
muscle fibers that surround the testis subcutane- 
ously. When the ambient temperature falls, both 
the cremaster and the dartos muscles contract 
involuntarily, raising the testes and bringing them 
closer to the warmer body. The scrotal skin wrin- 
kles with the contraction of these muscles, reduc- 
ing the exposed surface area to avoid further heat 
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loss. Conversely, when ambient temperatures 
increase, the dartos and cremasteric muscles 
relax causing the testes to lower away from the 
body and the scrotal skin to become looser around 
the testes, aiding heat loss. 


Mechanism of Heat Stress: 
Testicular and Germ Cell Changes 


Germ cells have high mitotic activity, which 
makes them more susceptible to heat stress [8]. 
The type of germ cells that is most sensitive to 
heat is the pachytene and diplotene spermatocytes 
and early round spermatids in both the rat [9, 10] 
and in humans [11]. In fact, the spermatogenic 
process, particularly the differentiation and matu- 
ration of spermatocytes and spermatids, is tem- 
perature dependent and occurs ideally at a 
temperature of at least 1-2 °C below core body 
temperature [1, 10]. As such, raising the scrotal 
temperature causes testicular germinal epithelial 
atrophy and spermatogenic arrest [12], leading to 
lower sperm counts. The supportive role of Sertoli 
[13] and Leydig [14] cells towards germ cell 
development are also impacted by heat stress. 
Levels of a biochemical marker of spermatogene- 
sis, inhibin B [15], decrease along with sperm 
concentration when scrotal temperatures are high 
[16]. Irreversible testicular weight loss follows 
shortly after heat exposure [17]. Histopathological 
changes in the testis following heat exposure 
include degeneration of the mitochondria, dilata- 
tion of the smooth endoplasmic reticulum, and 
wider intercellular spaces in both Sertoli and sper- 
matid cells [18]. 

The fundamental mechanism by which loss of 
germ cells occurs in response to heat stress is due 
to apoptosis [9, 19]. The intensity of heat stress 
and duration of heat exposure influence germ cell 
apoptosis. For example, 2 days after a single 
exposure to heat (43 °C for 15 min), late pachy- 
tene and early spermatids degenerate [20]. 
However, shorter heat exposure of the rat testes 
(43 °C for 10 min) does not result in apoptotic 
germ cells whereas a longer heat exposure (43 °C 
for 30 min) intensifies germ cell apoptosis [21]. 
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Fig.8.1 Schematic highlighting various mechanisms by which testicular heat stress causes germ cell apoptosis, DNA 


damage in mature and immature sperm and male infertility 


Similarly, higher heat exposure (45 °C for 
15 min) causes generalized, nonspecific damage 
to many different germ cell types in adult rats. 
Besides apoptosis, heat stress also causes 
defects in DNA synapsis and DNA strand breaks 
in pachytene spermatocytes and induces DNA 
damage in mature spermatozoa [20]. Sperm DNA 
damage that occurs in the heat-stressed testis is 
likely due to excessive generation of reactive 
oxygen species (which causes the sperm cell to 
be in a state of oxidative stress) as well impaired 
DNA repair in the germ cells [20, 22]. In experi- 


mentally cryptorchid rats, heat stress (due to 
increased scrotal temperatures) increases genera- 
tion of reactive oxygen species leading to oxida- 
tive stress [23, 24]. Moreover, in adult rats, the 
effects of scrotal hyperthermia (43 °C for 30 min 
once daily for 6 consecutive days) include 
decreased levels of glutathione, superoxide dis- 
mutase, and glutathione peroxidase and increased 
lipid peroxidation in the testes [18]. Further, gene 
expression for DNA repair and cellular antioxi- 
dants are suppressed during testicular heat stress 
[25] (Fig. 8.1). 
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In summary, heat-induced changes due to 
increased scrotal temperatures in the testes lead 
to apoptosis of germ cells and sperm DNA dam- 
age, which subsequently suppresses spermato- 
genesis [18, 20]. 


Impact of Failed Thermoregulation 
on Semen Parameters 


Semen analysis is carried out as a routine labora- 
tory assessment of the infertile male. Fundamental 
sperm parameters evaluated during a standard 
semen analysis include sperm concentration, 
motility, and morphology [26]. The total count 
and concentration of sperm reflect semen quality 
and the male reproductive potential whereas 
sperm concentration and motility are best able to 
predict fertility [27]. Repeated testicular expo- 
sure to elevated levels of heat could lead to 
chronic thermo-dysregulation, which in time 
could lead to significant changes in sperm char- 
acteristics [1, 28]. 

Mean scrotal temperature is higher in infertile 
men than in fertile ones [29], and the higher the 
scrotal temperature, the more sperm quality is 
altered [29]. Men (mean age 31.8 years) who 
were infertile for at least 2 years (without female 
factor infertility) were found to have lower sperm 
count, percentage of motile sperm and testicular 
volume in both testes and higher mean scrotal 
temperatures compared to fertile men [29]. 
However, testicular hyperthermia causes modifi- 
cation of sperm characteristics in both the fertile 
and infertile male [29]. Physiological increases in 
scrotal temperature are associated with substan- 
tially reduced sperm concentration that results in 
poor semen quality [30]. An increase of 1 °C 
above baseline values suppresses spermatogene- 
sis by 14 %, decreasing sperm production [31]. 

Elevated testicular and epididymal tempera- 
tures decrease the synthesis of sperm membrane 
coating protein, resulting in higher amounts of 
morphologically abnormal sperm [31]. Within 
6-8 months of exposure to elevated temperatures, 
the mean value of sperm with abnormal morphol- 
ogy was found to double [31]. Sperm motility is 
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also suppressed in the hyperthermic testis [32]. 
Exposure to high temperature causes deteriora- 
tion in sperm morphology and impairs motility as 
well as sperm production, all of which have a del- 
eterious effect on male fertility [33, 34]. 


Pathological Failure 
of Thermoregulation 


Increased testicular temperatures due to either 
endogenous or exogenous stimuli decrease sperm 
concentration, motility, and the number of mor- 
phologically normal sperm [11, 35]. Pathophys- 
iological abnormalities such as varicocele and 
cryptorchidism cause testicular hyperthermia, 
which could lead to male infertility [36]. Thus, 
any disruption (either acute or chronic) to the 
thermoregulation of the testis would have severe 
adverse effects on the spermatogenic process. 


Febrile Episodes 


When the hypothalamic thermoregulation of the 
core body temperature is compromised with 
the onset of fever, thermoregulation at the level of 
the testes is also impacted. In a case study of a 
fertile patient with influenza who was febrile 
(39.9 °C) for 1 day, semen samples analyzed 
18—66 days post fever showed underlying effects 
on sperm chromatin structure and a temporary 
release of abnormal sperm [37]. In another study, 
the incidence of fever was reported to have a sig- 
nificant effect on spermatogenesis, and the more 
days of fever (between | and 11 days); the more 
increasingly adverse were its effects on sperm 
concentration, percentage of normal and immo- 
tile sperm [11]. Certain stages of spermatogenesis 
were found to be more predisposed to the effects 
of higher temperatures caused by a fever than oth- 
ers: sperm concentration was affected when fever 
occurred during meiosis (33-56 days before 
ejaculation) and spermiogenesis (post-meiotic 
phase, 9-32 days before ejaculation) while sperm 
morphology and motility were affected when 
fever occurred during spermiogenesis [11]. 
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Varicocele 


Varicocele is the most common and treatable 
cause of male infertility and it affects 15 % of the 
male population. It is implicated in 40 % of men 
with primary infertility and in 80 % of men with 
secondary infertility [38, 39]. A varicocele is the 
abnormal tortuosity and dilatation of the testicular 
veins in the pampiniform plexus causing retro- 
grade blood flow in the internal spermatic veins 
and venous stasis. Consequently, the cooling of 
the testicular arterial blood via the counter current 
heat exchange becomes ineffective and testicular 
temperature increases towards that of the core 
body [40]. Increased scrotal temperature found in 
infertile men is most commonly caused by varico- 
cele [29, 41]. Both Mieusset et al. [29] and 
Goldstein and Eid [42] reported that infertile men 
with varicocele have higher mean scrotal tempera- 
tures on (1) the affected testis compared to the 
unaffected side and (2) both testes compared to 
that in fertile men. Intra-testicular temperatures in 
the affected testis were 2.43-2.72 °C higher than 
that of a normal testis [42]. The underlying mech- 
anism of varicocele-related infertility is not clear 
but is attributable to factors such as increased 
scrotal temperature, oxidative stress, and hor- 
monal imbalance [43]. Varicocele patients have 
increased apoptosis (programmed cell death) [44], 
and the increase in scrotal temperature (but not 
varicocele grade) is associated with oxidative 
stress-induced apoptosis [43]. Chan et al. [45] 
found that heat shock proteins 70 and 90 were sig- 
nificantly upregulated in varicocele patients. Heat 
shock proteins are produced in response to various 
stress inducers including heat, and their increased 
expression suggest that they play a role in the 
mechanism of varicocele-related infertility [45]. 


Cryptorchidism 


Cryptorchidism is among the most common con- 
genital defects in newborns and occurs in 2—4 % 
of full-term male births [46]. About 50 % of these 
cases resolve spontaneously within the first year 
of birth and those that do not resolve naturally 
require surgical intervention. Failure of the testis 
to descend leads to infertility and increased risk 
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of testicular cancer. The severity of infertility in 
human cryptorchidism depends on the position of 
the testis, whether one or both of the testis is mal- 
descended, how soon it is surgically corrected 
and perhaps the underlying pathology [47]. In its 
supra-scrotal position, the testis is hyperthermic. 
This causes heat-induced loss of spermatogonial 
differentiation and apoptosis of all germ cells 
(including germ stem cells) as well as an indirect 
effect of increased oxidative stress and abnormal 
energy metabolism [23, 48, 49]. In addition, the 
changes in Sertoli cell junctions and abnormal 
levels of Leydig cell hormones noted in the crypt- 
orchid testis are linked to hyperthermia [50, 51]. 
Furthermore, despite sperm appearing to be mor- 
phologically normal [52], heat stress produced in 
conditions of cryptorchidism and varicocele 
induces sperm DNA fragmentation [52, 53]. 


Assessing Testicular Temperature 


Testicular and intra-scrotal temperatures can be 
measured either directly or indirectly and in the 
form of either a single or continuous measurement 
(Table 8.1). Intra-scrotal skin surface temperatures 
reflect the temperature of the underlying testis as 
the testis and epididymis constitute the largest ther- 
mal mass in the hemiscrotum [36, 54]. Testicular 
temperature may range between 31 and 36 °C 
depending on the method used for the measure- 
ment of temperature and the presence of any under- 
lying pathology [55]. Accuracy and reproducibility 
of the temperature are important as temperature dif- 
ferences in a normal (euthermic) and pathologic 
(hyperthermic) testis may be as small as 0.6-1.4 °C 
[36]. Even these small increases can hamper sper- 
matogenesis and epididymal maturation [36]. 


Single or Discontinuous 
Measurements 


In this method evolved by Zorgniotti and MacLeod 
[36], the subject disrobes from the waist below and 
lays supine for about 6 min (to equilibrate to 
an ambient room temperature of about 21-23 °C) 
(32, 36]. A mercury thermometer is pre-warmed by 
placing the bulb of the thermometer in contact with 
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a light source or immersing it in warm water, allow- 
ing the mercury column in the thermometer to 
expand to a temperature that is slightly higher than 
the estimated temperature of the testis (i.e., around 
37 °C). The thermometer is then quickly positioned 
directly over the most prominent part of the ante- 
rior testis and the bulb is held longitudinally against 
the scrotum. The loose scrotal skin is drawn around 
the thermometer bulb using the thumb and index 
finger (to include the immersion mark, if present). 
The mercury column will begin to drop until it 
reaches equilibrium (usually about 8 s). The read- 
ing at that point plus 0.1 °C represents the intra- 
scrotal temperature [36]. The process is then 
repeated in the contralateral testis. This method 
was modified from the “invagination method” by 
Brindley [32] and allows for repeatable and consis- 
tent values to be obtained for use in a clinical evalu- 
ation of, for example, a varicocele [56]. 


Continuous Measurements 


During continuous measurement, two cutaneous 
thermocouples (thermoprobes) are attached to 
the skin on the anterior face of the each scrotum 
using transparent tape, and these are connected to 
a small portable data recorder attached to a belt. 
Temperatures are recorded at 2-min intervals. 
Measurements recorded in the data recorder are 
downloaded to a computer through a specific pro- 
gram [57]. The use of a portable data recorder for 
continuous determination of scrotal temperature 
allows for a dynamic recording of temperature 
[58]. However, scrotal skin temperatures have also 
been measured noninvasively for an entire day 
using a thermistor attached to underwear that is 
connected to a light-weight data logger [56]. 


Risk Factors for Scrotal 
Hyperthermia 


The temperature difference between the body and 
scrotum can be affected by a variety of external 
thermogenic factors including body posture or 
position, clothing, obesity, lifestyle and occupa- 
tional exposure, and ambient seasonal tempera- 
ture changes (Fig. 8.2). 
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Posture 


Changes in posture affect testicular tempera- 
ture. Scrotal temperature is lowest when stand- 
ing disrobed [36, 59]. Heat dissipation can 
occur unhindered from the unsupported testis 
when the body is unclothed and in an upright 
position. When comparing body positions, 
scrotal temperature in the supine or seated posi- 
tion is higher than that in the standing position 
(32, 36, 58, 59]. When walking (upright and 
moving), scrotal temperatures are 0.3-1 °C 
lower than those generated when sitting regard- 
less of clothing type [32, 59]. Scrotal tempera- 
tures are highest during sleep when the body is 
supine and movement is minimized [32, 58, 60] 
compared to other body positions. When com- 
paring sleepwear, scrotal temperatures were the 
lowest when sleeping in the nude compared to 
sleeping in pyjamas or underwear [32]. When 
in a supine position, the testes are resting on the 
thighs and are in direct contact (conduction) 
with the relatively higher body temperature. 
Additional layers of clothing trap air and con- 
serve heat. Using an electric blanket or quilt on 
top of typical nightclothes while lying down in 
bed after a hot bath will give a cumulative effect 
that is likely to lead to genital heat stress. When 
assessing diurnal variation, Hjollund et al. [56] 
found that scrotal temperatures, when measured 
at a 5-min interval for a continuous 24 h, were 
higher at night by 1.2 °C compared to those 
during the day. 


Sitting 

The length of time spent in a seated position, 
either due to occupational nature, long commutes 
and sedentary leisure activities, also contributes 
to testicular heat stress. A predominantly seden- 
tary (sitting) position at work has been shown to 
increase scrotal temperatures [30, 56, 57]. When 
sitting, the testes are trapped between the thighs. 
Moreover, the normal seated position leads to 
poor ventilation in the groin area, which contrib- 
utes to an increase in scrotal temperature. The 
positioning of the legs while sitting (i.e., legs 
together, apart or crossed) impacts the scrotal 
temperature in both the disrobed [59] and clothed 
state [32, 57]. 
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e Ambient temperatures 


e Seasonal temperature changes 


e Standing 
e Walking 
e Sitting 


e Position of legs 
(closed, apart or crossed) 
e Type of chair 
e Ona heated car seat/floor 
e Lying supine 
e Choice of sleepwear and 
bedclothes 


t 
i 


e Obesity and fat deposition in 
the abdomen and upper thighs 
e Clothing (tight fitting underwear, 


plastic-lined diapers) 
e Cycling 
e Saunas 
e Hot baths 
e Laptops 


e Radiant heat — welders, bakers, 
ceramic oven operators, submariners 
e Seated in a sedentary position for 
extended periods 
e Office work 
e Professional drivers and 
long commutes 


Fig.8.2 Various lifestyle, occupational, postural, and environmental factors contributing to testicular heat stress 


Paraplegic men in wheelchairs who remain 
seated for extended periods with closed and unmov- 
ing legs were found to have higher deep scrotal 
temperature and poor sperm motility than normal 
men who were seated freely for 20 min or more 
(without the position of their thighs being specified, 
i.e., kept close together or apart) [32]. However, 
when compared in a supine position, there was 
no significant difference in scrotal temperatures 
between the paraplegic and normal men [32]. 

The insulating effect of the seated posture is 
compounded by being sedentary but counter- 
acted by physical activity. The average scrotal 
temperature in healthy volunteers while sitting 
on a conventional chair for a period longer than 
35 min is 36.4 °C compared to 34.5 °C during 
walking [61]. Increased limb movement during 
physical activity increases perigenital air circula- 
tion, and this allows for better dissipation of heat, 


which then results in lower scrotal temperatures, 
compared to when being seated in a sedentary 
manner. 

In a study comparing the increase in scrotal 
temperatures while seated on different types of 
chairs, Koskelo et al. [62] reported a 3 °C increase 
in scrotal temperature upon 20 min of sitting on a 
conventional cushioned office chair. However, 
they found no difference in temperature when 
subjects sat in a saddle chair. This is probably due 
to the open hip and knee angles, which allow for 
adequate scrotal ventilation [62]. Similarly, sit- 
ting with crossed legs causes a bigger increase in 
scrotal temperature than sitting with the legs 
apart (at an angle of about 70°) [63]. After 
remaining in a seated position with crossed legs 
for 15 min, the thermogenic effect caused by this 
position further persisted for a minimum of 
5 min, even after standing up [63]. 
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When sitting on surfaces with a higher tem- 
perature, the increase in scrotal temperature attrib- 
uted to the seated posture is further compounded 
by the warmth exuding from the seated surface. In 
a Korean study, Song and Seo [64] investigated 
the effects of sitting directly on a heated floor on 
scrotal temperature among 6 healthy male volun- 
teers in a controlled environmental chamber. They 
concluded that the floor surface temperature and 
the rate of metabolism while in a sedentary pos- 
ture affect scrotal temperature and recommended 
that surface temperature of a heated floor be main- 
tained within 23-33 °C to avoid impairment of 
spermatogenesis [64]. 


Clothing 


Irrespective of the body position, wearing cloth- 
ing has an insulating effect that increases scrotal 
temperature. In the standing and supine posi- 
tions, clothing increases scrotal temperatures by 
1.5-2 °C compared to the naked state [63, 65]. In 
men at rest who are lightly clothed, the layer of 
air trapped in the space between the skin and 
clothes is on average 3.5 °C higher than that of 
ambient air (at a temperature of between 21 and 
32 °C) [66]. The reduction in air exchange when 
in a clothed state contributes to the increase in 
scrotal skin temperature [63]. Clothing that per- 
mits better air flow would mean that scrotal heat 
could be more easily dissipated, keeping temper- 
atures closer to physiological levels. Kompanje 
[27] suggested that Scottish kilt-wearing possibly 
produced a more ideal physiological scrotal envi- 
ronment, especially since nearly 70 % of men 
chose to not wear anything underneath their kilt. 
In the Asian region, men often wear only a sarong 
when at leisure, which similarly helps in dispers- 
ing body and environmental heat to keep lower 
testicular temperatures. 


Tight Underwear, Boxers, Jockey Shorts 

It is still debated whether the type of underwear 
has a significant impact on testicular temperature 
and hence, male fertility. Studies have reported 
that the regular use of tight underwear over a 
period of time leads to a reduction in sperm 
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motility [67, 68]. Another study found that men 
who wear tight underwear have decreased sperm 
count and sperm motility compared to those who 
wear loose underwear [69]. Conversely, in a 
study involving 97 men presenting for primary 
infertility (aged between 25 and 52 years), scrotal 
temperatures did not differ between men who 
wore boxer shorts and those who wore brief style 
underwear [12]. The authors further reasoned 
that brief style underwear gives a supportive 
effect that pushes the testes closer to the body 
while the boxer shorts lacks this effect. However, 
any additional layer of clothing that is worn over 
the underwear (e.g., trousers) would result in the 
same supportive effect on the testes [12]. 


Diapers 

The use of disposable plastic-lined diapers is 
more common these days than cotton, reusable 
diapers. Even cotton diapers are usually used in 
combination with a plastic lining as a protective 
covering to prevent leakages. The use of plastic 
material reduces the skin’s breathability, which 
would lead to a warm and moist perigenital area, 
thereby contributing to higher scrotal tempera- 
ture. Partsch et al. [70] studied 14 neonates (term 
aged 0—4 weeks) and pre-term with a gestational 
age of 28-36 weeks (postnatal age 14-85 days), 
22 infants (aged 1-12 months), and 12 toddlers 
(age 13-55 months) and reported that young 
boys wearing disposable plastic-lined nappies 
have increased scrotal temperatures compared to 
those wearing reusable cotton diapers (without 
protective pants). However, in another study, 
Grove et al. [71] found no differences in the scro- 
tal temperature profiles of approximately 70 
young boys (aged 3-25 months) wearing dispos- 
able diapers with a plastic lining compared to 
those wearing reusable cotton diapers covered 
with plastic pants. Only when the cotton diapers 
were used without any plastic covering were 
scrotal temperatures lower than those in the boys 
using disposable diapers [70, 71]. That being 
said, as cotton diapers are almost always used 
along with the plastic pants, it would seem that 
practically speaking, both the classic and modern 
diaper choices did not differ significantly on their 
effect on scrotal temperature. As to whether 
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diapering preferences (and the higher scrotal 
temperatures is generates) at a young age could 
contribute towards a compromised male fertility 
potential as an adult, Jung and Schuppe [72] rea- 
soned that pachytene spermatocytes and round 
spermatids (the most temperature-sensitive tes- 
ticular cells) [10] are not yet present in the age 
group when most children use diapers. The 
authors concluded that there was no convincing 
evidence linking genital heat stress with poor 
semen quality in their adulthood [72]. 


Lifestyle 


Obesity 

Obesity is a common lifestyle-related societal 
problem of the modern era. Many adults who are 
in the reproductive age group have a higher than 
normal body mass index (BMI, normal range: 
18.0—24.9). In fact, the rate of obesity is higher in 
infertile men than in men with normal semen 
parameters [73]. A BMI >25 is associated with 
an average 25 % reduction in sperm count and 
motility [74]. Obesity is often associated with 
decreased physical activity and prolonged peri- 
ods of sitting or being sedentary, which have been 
found to increase testicular temperatures and con- 
sequently suppress sperm production [75]. Obese 
males are more likely to have increased fat depo- 
sition in the abdomen and upper thighs and larger 
waist and hip circumferences. Additionally, scro- 
tal lipomatosis (deposition of fat around the sper- 
matic cord) in obese men could inhibit 
spermatogenesis by several means, i.e., (1) pro- 
vide insulation that could disrupt the radiation of 
testicular heat, (2) compress blood vessels, lead- 
ing to testicular congestion (venous stasis) and 
impaired heat exchange, (3) compress the testicu- 
lar artery leading to ischemia of the testis, (4) 
hamper the cord’s ability to reposition the testes 
in response to temperature changes, and (5) dis- 
rupt local thermoregulation due to excess fat in 
the suprapubic region [76, 77]. The compromised 
efficiency of testicular thermoregulation may 
well lead to elevated testicular temperatures. 
However, scrotal lipomatosis could also occur in 
those who are not obese [76]. In one study, 
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removal of excess fat in the scrotal and suprapu- 
bic region helped improve sperm count, motility, 
and morphology in nearly 65 % of infertile 
patients, and nearly 20 % of these patients went 
on to initiate a pregnancy [77]. 


Sauna 
Saunas are a popular method of relaxation and 
detoxification or cleansing in many parts of the 
world. Temperatures in saunas typically range 
between 80 and 100 °C at the level of the bather’s 
head, with humidity ranging from 40 to 60 g of 
water/kg dry air [78]. Conventional saunas pro- 
vide wet heat through warmed, humid air (radia- 
tion and convection) as well as warmed surfaces 
(radiation and conduction), while modern saunas 
such as infrared saunas provide dry, radiant heat. 
Brown-Woodman et al. [79] examined the 
effect of a single sauna exposure (85 °C for 
20 min) on sperm parameters at 10 weeks post- 
exposure compared to 3 weeks preexposure. 
They found that this one acute testicular heat 
stress episode was sufficient to cause the sperm 
count to reduce within a week post-exposure, 
only to normalize in the fifth-week post-exposure 
[79]. In a study that continuously (i.e., every 5 s) 
monitored scrotal temperature during a sauna 
exposure (87.6+1.3 °C and <15 % humidity), 
scrotal temperatures were found to reach core 
body temperature within about 10 min of expo- 
sure to the exogenous heat [58]. Saikhun’s group 
assessed the effects of sauna exposure on sperm 
parameters after a 2-week sauna exposure 
(at 80-90 °C for 30 min) [35]. They found that 
sperm movement characteristics had declined but 
were restored within a week after concluding the 
sauna exposure. They reported that sperm param- 
eters such as semen volume, sperm count, num- 
ber of motile and morphologically normal sperm 
as well as sperm penetration levels had remained 
unchanged [35]. More recently, Garolla et al. 
[80] investigated the effects of biweekly Finnish 
(dry) sauna sessions (89-90 °C for 15 min) for 
3 months on ten normozoospermic men. They 
found that these frequent sauna exposures (that 
lasted long enough to cover an entire spermato- 
genic cycle) caused a significant reduction in 
sperm count and progressive motility (although 
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they were still within normal range) and altered 
mitochondrial function, DNA protamination, and 
chromatin condensation in the sperm [80]. 
However, sperm morphology and viability 
remained unaffected while heat shock proteins 
(and their regulating heat shock factors) that con- 
fer a protective effect were found to be upregu- 
lated after testicular heating [80]. These studies 
collectively showed that following sauna expo- 
sure, the negative impact on spermatogenesis was 
significant but reversible. 


Hot Baths 

Other lifestyle habits such as indulging in a relax- 
ing soak in a hot tub, heated whirlpool, or a warm 
bath could negatively impact male fertility. Shefi 
et al. [81] studied the effects of wet heat exposure 
in a group of 11 infertile men (mean age 
36.5 years) who practiced whole body immersion 
in either a hot tub, heated jacuzzi, or warm bath 
(at temperatures that were higher than that of 
body temperature) for more than 30 min weekly 
(mean weekly exposure was 149 min) for longer 
than 3 months. Comparison of semen parameters 
in samples analyzed before vs. 3 months after the 
discontinuation of the wet hyperthermia, showed 
improvements, mainly in sperm motility [81]. 
They concluded that in certain infertile men, 
refraining from these types of heat exposure 
could perhaps reverse the detrimental effects of 
hyperthermia on their semen quality. 


Cycling 

A regular, moderate exercise regimen bestows 
numerous health benefits. However, certain forms 
of exercise done in the pursuit of fitness, cycling, 
for example, may negatively affect male fertility. 
Scrotal temperatures during cycling may be 
influenced by the duration and intensity of the 
exercise as well as posture [82] and clothing. As 
a physical activity, cycling improves perigenital 
air circulation, which aids in the dissipation of 
testicular heat [82]. At the same time, cycling 
involves extended periods of being in a seated 
posture on a saddle seat for the majority of the 
exercise and wearing a body-fitting spandex out- 
fit, which would contribute an insulating effect 
on scrotal temperatures, especially in profes- 
sional cyclists [83]. However, in their study, Jung 
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et al. [82] found that 25 healthy volunteers 
(median BMI of 23.2) who wore cotton wool 
clothing while performing moderate cycling 
(median speed of 25.5 km/h, power around 25 W) 
sitting on the saddle of a stationary cycle for 
60 min had mean scrotal temperatures below 
35.6 °C. Increases in scrotal temperatures did not 
differ significantly between the left and right 
scrotum and with time [82]. 


Laptop Usage 

Sheynkin et al. [84] demonstrated among 29 
healthy volunteers that using a laptop in a lap 
position close to the genital area (i.e., a seated 
position with approximated thighs) for an hour 
contributes to a 0.6-0.8 °C increase in scrotal 
temperatures compared to a 2.1 °C increase in 
scrotal temperatures in the same sitting position 
without using a working laptop. This increase in 
genital heat could be attributed to heat exposure 
from laptops that have internal operating temper- 
atures of more than 70 °C and to the seated pos- 
ture for those 60 min. Although this study did not 
examine changes in semen parameters, the 
authors suggested that since scrotal heat impairs 
spermatogenesis, then laptop usage also likely 
affects these parameters [84]. 


Occupation 


Welders: Radiant Heat 

Welders are occupationally exposed to intense 
radiant heat, toxic metals and their oxides, and 
toxic welding fumes during welding. Bonde [85] 
reported that 17 manual metal arc alloyed steel 
welders (mean age 35.9 years) with moderate 
exposure to radiant heat (31.1-44.8 °C) and with 
minimal exposure to welding fume toxicants 
experienced a reversible decrease in semen qual- 
ity. The percentage of sperm with normal mor- 
phology decreased within 6 weeks of exposure to 
radiant heat but increased 4 weeks after cessation 
of exposure [85]. In another study, 17 welders 
(mean age 43.8 years) with 1-10 years or 
more of welding exposure possibly had some 
adverse effects on sperm motility, morphology 
and physiologic function, although they main- 
tained a normal range of sperm concentration [86]. 


8 Testicular Heat Stress and Sperm Quality 


Bakers: Radiant Heat 

Bakers are reported to take longer to initiate a 
pregnancy than controls, as only 14 % of bakers’ 
partners were pregnant within 3 months 
(compared to 55 % of controls) and 29 % of 
bakers’ partners were pregnant within 6 months 
(compared to 74 % of controls) [87]. This sug- 
gests that the bakers’ occupational exposure to 
heat may be a contributory factor to subfertility. 


Ceramic Oven Operators: Radiant Heat 
Figa-Talamanca et al. [88] reported that healthy 
ceramics oven operators with chronic occupa- 
tional exposure to high temperatures (37 °C, 8 h/ 
day) had a higher incidence of abnormal sperm 
parameters compared to controls. These individ- 
uals faced difficulty in establishing a pregnancy 
and had a higher occurrence of not being able to 
father a child compared to controls [88]. 


Professional Drivers 

Long hours of driving and remaining in a seated 
position have shown to have detrimental effects 
on male reproductive function. The negative 
effect of extended periods of driving on sperm 
parameters is attributed to an increase in scrotal 
temperature [57]. 

Sas and Szollosi [89] investigated the effects 
of prolonged driving on spermiogenesis in 2,984 
patients, of whom 281 were occupational drivers. 
They found that the incidence of abnormal sperm 
was higher among the patients who drove profes- 
sionally and more severe in those with longer 
occupational driving experience. Similarly, 
workers involved in the transport occupational 
group had lower sperm concentrations [90] and 
a higher risk of abnormal sperm motility [91] 
compared to other occupational groups. Figa- 
Talamanca et al. [92] reported that compared to 
control subjects, taxi drivers in the city of Rome 
had a higher amount of sperm with abnormal 
morphology and that this was more apparent in 
the longer-serving drivers. However, sperm con- 
centration and motility in these drivers (n=72) 
were comparable to that of the 50 healthy control 
subjects, who were of similar age and had similar 
smoking habits. This study also suggested that 
prolonged driving time could compromise sperm 
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morphology and thereby sperm quality [92]. 
In a study of 402 fertile couples in France, 
Thonneatu et al. [93] found that compared to other 
couples, the time to pregnancy was significantly 
prolonged for those couples in which the male 
partner remained seated driving in a vehicle for 
longer than 3 h daily. 

In addition to the effect of prolonged sitting on 
a car seat (which in itself causes about a 2 °C 
increase in scrotal temperature) [57], the use of a 
heated car seat for longer than 60 min was shown 
to cause an increase in scrotal temperature of 
0.5-0.6 °C, nearing core body temperature [94]. 
This additional factor would likely add towards 
the decline in sperm quality. 


Submariners 

Velez de la Calle [95] and co-workers looked into 
the infertility risk factors in a military population 
from a large military naval base in Brest, France. 
They found that male mechanics, cooks, and sub- 
mariners who were occupationally exposed to 
very hot working conditions while in the subma- 
rine (temperatures in the rear end of the subma- 
rine close to the motor range between 40 and 
60 °C) had sought help for infertility issues. 


Ambient Temperature 
and Seasonality 


A 1 °C increase in ambient temperature induces 
a 0.1 °C increase in scrotal temperature [32]. 
In a study of semen samples taken from more 
than 1,000 fertile men from four European cit- 
ies (Copenhagen, Denmark; Paris, France; 
Edinburgh, Scotland; and Turku; Finland), 
Jorgenson’s group found a general seasonal vari- 
ation in sperm concentration (summer values 
were 70 % of winter values) and total sperm 
count (summer values were 72 % of winter val- 
ues), but not for sperm motility or morphology 
[96]. The difference of approximately 30 % in 
sperm count from winter (highest) to summer 
(lowest) could be attributed to differences in life- 
style or environmental exposures among the men 
[96]. Similarly, in a preliminary study of 4,435 
pre-vasectomy patients, Tjoa et al. [97] reported 
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a circannual rhythm (biological rhythmicity 
approximating | year) in human sperm concen- 
tration and total sperm count, with a higher sperm 
count in winter compared to summer. Gyllenborg 
et al. [98] found that sperm counts among a group 
of unselected Danish semen donor candidates 
were lowest in the summer although semen vol- 
ume and sperm motility remained unchanged. 
However, Mallidis et al. [99] did not find any 
effect of season in semen samples provided by 
normal healthy Australian men. 


Mild Scrotal Heating as a Method 
of Contraception 


Scrotal temperatures that are maintained lower 
than that of the core body temperature would 
help improve spermatogenesis and the fertility 
potential of men facing infertility 
However, fertile men may find that higher scrotal 
temperatures could work in their favor. 
Commonly used methods of male contraception 
include hormonal approach, the use of condoms 
and vasectomy [100]. However, local application 
of heat could provide the means for a non- 
hormonal, noninvasive, reversible method of 
contraception targeting the testicular level [100]. 
In a preliminary study, Mieusset and Bujan [101] 
induced mild testicular heating (assumed as 
1-2 °C) by immobilizing the testis close to the 
inguinal canal daily during waking hours in 9 
men aged between 23 and 34 years. These meth- 
ods did not affect the men’s libido or sexual 
rhythm, and no pregnancies were reported during 
the study period [101]. Sperm count and motility 
normalized within 1—1.5 years in all the subjects 
involved in this study [101]. In another clinical 
study, Wang et al. [102] reported that hot water 
baths taken in combination with testosterone sup- 
pressed sperm count and motility. Thus, it would 
seem that mild scrotal heating could potentially 
serve as an alternate contraceptive method. 
However, the endocrine parameters involved in 
regulating spermatogenesis such as the hypotha- 
lamic and pituitary hormones may well be 
affected by the intentional increase in scrotal 
temperature. 


issues. 
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Scrotal Cooling 


Several studies have showed that scrotal cooling 
can improve sperm count, motility, and morphol- 
ogy [103]. Devices that have been used for tes- 
ticular cooling include a curved rubber collar 
filled with ice cubes that was taped to both the 
thighs for 30 min daily for 14 consecutive days 
[104] and a gel ice pack that solidified upon freez- 
ing, which was wrapped in a cloth or towel and 
inserted in the underwear on the anterior aspect of 
the scrotum nightly for 2 months—the cooling 
effect occurred upon the thawing of the ice pack 
within 3—4 h [105]. Other techniques included a 
cotton suspensory bandage placed in close con- 
tact with the scrotum (worn for 16-22 h from 8 to 
20 weeks) that released fluid (water or alcohol) to 
maintain a damp scrotum [106] and a device 
attached with a belt to the abdomen and scrotum 
that released a continuous air stream to achieve 
scrotal cooling nightly for 12 weeks [107]. Ina 
study to assess the feasibility of a clinical trial, 
Osman and his group evaluated the use of a non- 
greasy hydrogel pad, the Babystart® FertilMate™ 
Scrotum Cooling Patch, in patients with mild, 
moderate, and severe oligoasthenospermia [103]. 
The pad contained 0.5 % w/w natural I-menthol 
and was reported to be more practical and com- 
fortable to use than other cooling devices [103]. 
When the testes were cooled, spermatogenesis 
improved and pregnancy occurred leading to the 
suggestion that hyperthermia played a role in 
causing or aggravating male infertility [29]. The 
factors affecting scrotal (testicular) temperatures 
and their effect on sperm parameters and male 
infertility are summarized in Table 8.2. 


Conclusion 


Scrotal hyperthermia is a substantial risk factor 
for male infertility. Repetitive transient scrotal 
hyperthermia in the current modern lifestyle is 
likely to have a negative impact upon spermato- 
genesis, specifically in men who are of repro- 
ductive age and desire to have children. The 
normal healthy male is equipped with local 
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thermoregulatory mechanisms to maintain a 
hypothermic testis. However, posture, clothing, 
lifestyle factors, occupation, and environmental 
exposure can cause testicular heat stress. 
Extended hours of exposure to genital heat stress 
factors exacerbate their effect on semen quality 
and sperm parameters. Each of these factors does 
not occur solitarily, but many of them occur 
simultaneously at any given time, compounding 
their effect on testicular temperatures. This is 
especially pertinent in infertile men who already 
have a compromised reproductive potential. 
Nevertheless, simple but significant measures 
can be taken by individuals to help alleviate the 
deleterious impact of heat stress on male fertility. 
These include interspersing periods of activity or 
movement (walking, running) between extended 
time spent sitting or lying down, wearing clothing 
that does not restrict genital airflow, maintaining a 
healthy weight, and making lifestyle modifica- 
tions that will promote scrotal hypothermia (e.g., 
avoiding sauna or hot baths or using a laptop on 
the lap). Understandably, the occupational require- 
ments of certain lines of work and seasonal varia- 
tions, although less easily tackled, should not be a 
deterrent for achieving scrotal hypothermia. 


References 


1. Thonneau P, Bujan L, Multigner L, Mieusset 
R. Occupational heat exposure and male fertility: a 
review. Hum Reprod. 1998;13(8):2122-5. 

2. Morgentaler A, Stahl BC, Yin Y. Testis and tempera- 
ture: an historical, clinical, and research perspective. 
J Androl. 1999;20(2):189-95. 

3. Mieusset R, Bujan L. Testicular heating and its pos- 
sible contributions to male infertility: a review. Int J 
Androl. 1995;18(4):169-84. 

4. Waites GM. Thermoregulation of the scrotum and 
testis: studies in animals and significance for man. 
Adv Exp Med Biol. 1991;286:9-17. 

5. Candas V, Becmeur F, Bothorel B, Hoeft 
A. Qualitative assessment of thermal and evapora- 
tive adjustments of human scrotal skin in response to 
heat stress. Int J Androl. 1993;16(2):137-42. 

6. Schoor RA, Elhanbly SM, Niederberger C. The 
pathophysiology of varicocele-associated male 
infertility. Curr Urol Rep. 2001;2(6):432-6. 

7. Glad Sorensen H, Lambrechtsen J, Einer-Jensen 
N. Efficiency of the countercurrent transfer of heat 
and 133Xenon between the pampiniform plexus and 
testicular artery of the bull under in-vitro conditions. 
Int J Androl. 1991;14(3):232-40. 


8. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


D. Durairajanayagam et al. 


Shiraishi K. Heat and oxidative stress in the germ 
line. In: Agarwal A, Aitken RJ, Alvarez JG, editors. 
Studies on men’s health and fertility (oxidative stress 
in applied basic research and clinical practice). 
New York, NY: Springer Science + Business Media; 
2012. p. 149-78. 


. Lue YH, Hikim AP, Swerdloff RS, Im P, Taing KS, 


Bui T, et al. Single exposure to heat induces stage- 
specific germ cell apoptosis in rats: role of intratestic- 
ular testosterone on stage specificity. Endocrinology. 
1999;140(4):1709-17. 

Chowdhury AK, Steinberger E. Early changes in the 
germinal epithelium of rat testes following exposure 
to heat. J Reprod Fertil. 1970;22(2):205-12. 
Carlsen E, Andersson AM, Petersen JH, Skakkebaek 
NE. History of febrile illness and variation in semen 
quality. Hum Reprod. 2003;18(10):2089-92. 
Munkelwitz R, Gilbert BR. Are boxer shorts really 
better? A critical analysis of the role of underwear type 
in male subfertility. J Urol. 1998; 160(4):1329-33. 
Cai H, Ren Y, Li XX, Yang JL, Zhang CP, Chen M, 
et al. Scrotal heat stress causes a transient alteration 
in tight junctions and induction of TGF-beta expres- 
sion. Int J Androl. 2011;34(4):352-62. 

Kanter M, Aktas C. Effects of scrotal hyperthermia 
on Leydig cells in long-term: a histological, immu- 
nohistochemical and ultrastructural study in rats. 
J Mol Histol. 2009;40(2):123-30. 

Jensen TK, Andersson AM, Hjollund NH, Scheike T, 
Kolstad H, Giwercman A, et al. Inhibin B as a serum 
marker of spermatogenesis: correlation to differences 
in sperm concentration and follicle-stimulating hor- 
mone levels. A study of 349 Danish men. J Clin 
Endocrinol Metab. 1997;82(12):4059-63. 

Hjollund NH, Storgaard L, Ernst E, Bonde JP, Olsen 
J. Impact of diurnal scrotal temperature on semen 
quality. Reprod Toxicol. 2002;16(3):215-21. 
Setchell BP, Ploen L, Ritzen EM. Effect of local 
heating of rat testes after suppression of spermato- 
genesis by pretreatment with a GnRH agonist and an 
anti-androgen. Reproduction. 2002;124(1):133—40. 
Kanter M, Aktas C, Erboga M. Heat stress decreases 
testicular germ cell proliferation and increases apoptosis 
in short term: an immunohistochemical and ultrastruc- 
tural study. Toxicol Ind Health. 2011;29(2):99-113. 
Lue YH, Lasley BL, Laughlin LS, Swerdloff RS, 
Hikim AP, Leung A, et al. Mild testicular hyperther- 
mia induces profound transitional spermatogenic 
suppression through increased germ cell apoptosis in 
adult cynomolgus monkeys (Macaca fascicularis). 
J Androl. 2002;23(6):799-805. 

Paul C, Murray AA, Spears N, Saunders PT. A sin- 
gle, mild, transient scrotal heat stress causes DNA 
damage, subfertility and impairs formation of blasto- 
cysts in mice. Reproduction. 2008;136(1):73-84. 
Collins P, Lacy D. Studies on the structure and 
function of the mammalian testis. II Cytological and 
histochemical observations on the testis of the rat 
after a single exposure to heat applied for different 
lengths of time. Proc R Soc Lond B Biol Sci. 
1969;172(26):17-38. 


8 Testicular Heat Stress and Sperm Quality 


22. 


23; 


24. 


25. 


26. 


2h. 


28. 


29. 


30. 


31. 


32; 


33. 


34. 


35: 


36. 


Paul C, Melton DW, Saunders PT. Do heat stress and 
deficits in DNA repair pathways have a negative 
impact on male fertility? Mol Hum Reprod. 2008; 
14(1):1-8. 

Ahotupa M, Huhtaniemi I. Impaired detoxification 
of reactive oxygen and consequent oxidative stress 
in experimentally cryptorchid rat testis. Biol Reprod. 
1992;46(6):1114-8. 

Ikeda M, Kodama H, Fukuda J, Shimizu Y, Murata 
M, Kumagai J, et al. Role of radical oxygen species 
in rat testicular germ cell apoptosis induced by heat 
stress. Biol Reprod. 1999;61(2):393-9. 

Rockett JC, Mapp FL, Garges JB, Luft JC, Mori C, 
Dix DJ. Effects of hyperthermia on spermatogenesis, 
apoptosis, gene expression, and fertility in adult 
male mice. Biol Reprod. 2001;65(1):229-39. 

World Health Organization (WHO) Department 
of Reproductive Health and Research. WHO labora- 
tory manual for the examination and processing of 
human semen. 5th ed. Geneva, Switzerland: WHO; 
2010. 

Kompanje EJO. ‘Real men wear kilts’. The anec- 
dotal evidence that wearing a Scottish kilt has influ- 
ence on reproductive potential: how much is true? 
Scott Med J. 2013;58(1):e1-5. 

Mieusset R, Quintana Casares P, Sanchez Partida 
LG, Sowerbutts SF, Zupp JL, Setchell BP. Effects of 
heating the testes and epididymides of rams by scro- 
tal insulation on fertility and embryonic mortality in 
ewes inseminated with frozen semen. J Reprod 
Fertil. 1992;94(2):337-43. 

Mieusset R, Bujan L, Mondinat C, Mansat A, 
Pontonnier F, Grandjean H. Association of scrotal 
hyperthermia with impaired spermatogenesis in 
infertile men. Fertil Steril. 1987;48(6):1006-11. 
Hjollund NH, Bonde JP, Jensen TK, Olsen J. Diurnal 
scrotal skin temperature and semen quality. The 
Danish First Pregnancy Planner Study Team. Int J 
Androl. 2000;23(5):309-18. 

Wang C, McDonald V, Leung A, Superlano L, 
Berman N, Hull L, et al. Effect of increased scrotal 
temperature on sperm production in normal men. 
Fertil Steril. 1997;68(2):334-9. 

Brindley GS. Deep scrotal temperature and the effect 
on it of clothing, air temperature, activity, posture 
and paraplegia. Br J Urol. 1982;54(1):49-55. 

Dada R, Gupta NP, Kucheria K. Deterioration of 
sperm morphology in men exposed to high tempera- 
ture. J Anat Soc India. 2001;50(2):107. 

Dada R, Gupta NP, Kucheria K. Spermatogenic 
arrest in men with testicular hyperthermia. Teratog 
Carcinog Mutagen. 2003;Suppl 1:235-43. 

Saikhun J, Kitiyanant Y, Vanadurongwan _ V, 
Pavasuthipaisit K. Effects of sauna on sperm move- 
ment characteristics of normal men measured by 
computer-assisted sperm analysis. Int J Androl. 
1998;21(6):358-63. 

Zorgniotti AW, Macleod J. Studies in temperature, 
human semen quality, and varicocele. Fertil Steril. 
1973;24(11):854-63. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


123 


Evenson DP, Jost LK, Corzett M, Balhorn 
R. Characteristics of human sperm chromatin struc- 
ture following an episode of influenza and high 
fever: a case study. J Androl. 2000;21(5):739-46. 
Gorelick JI, Goldstein M. Loss of fertility in men 
with varicocele. Fertil Steril. 1993;59(3):613-6. 
Brugh III VM, Matschke HM, Lipshultz LI. Male 
factor infertility. Endocrinol Metab Clin North Am. 
2003;32(3):689-707. 

Setchell BP. The Parkes Lecture. Heat and the testis. 
J Reprod Fertil. 1998;114(2):179-94. 

Agger P. Scrotal and testicular temperature: its rela- 
tion to sperm count before and after operation for 
varicocele. Fertil Steril. 1971;22(5):286-97. 
Goldstein M, Eid JF. Elevation of intratesticular and 
scrotal skin surface temperature in men with varico- 
cele. J Urol. 1989;142(3):743-5. 

Shiraishi K, Takihara H, Matsuyama H. Elevated 
scrotal temperature, but not varicocele grade, reflects 
testicular oxidative stress-mediated apoptosis. World 
J Urol. 2010;28(3):359-64. 

Ku JH, Shim HB, Kim SW, Paick JS. The role of 
apoptosis in the pathogenesis of varicocele. BJU Int. 
2005;96(7): 1092-6. 

Chan CC, Sun GH, Shui HA, Wu GJ. Differential 
spermatozoal protein expression profiles in men 
with varicocele compared to control subjects: upreg- 
ulation of heat shock proteins 70 and 90 in varico- 
cele. Urology. 2013;81(6):1379.e1-8. 

Barthold JS, Gonzalez R. The epidemiology of con- 
genital cryptorchidism, testicular ascent and orchio- 
pexy. J Urol. 2003;170(6 Pt 1):2396-401. 

Agoulnik AI, Huang Z, Ferguson L. Spermatogenesis in 
cryptorchidism. Methods Mol Biol. 2012;825:127-47. 
Peltola V, Huhtaniemi I, Ahotupa M. Abdominal posi- 
tion of the rat testis is associated with high level of 
lipid peroxidation. Biol Reprod. 1995;53(5):1146—S0. 
Li YC, Hu XQ, Xiao LJ, Hu ZY, Guo J, Zhang KY, 
et al. An oligonucleotide microarray study on gene 
expression profile in mouse testis of experimental 
cryptorchidism. Front Biosci. 2006;11:2465-82. 
Lee PA, Coughlin MT. Leydig cell function after 
cryptorchidism: evidence of the beneficial result of 
early surgery. J Urol. 2002;167(4):1824—-7. 

Liu Y, Li X. Molecular basis of cryptorchidism- 
induced infertility. Sci China Life Sci. 2010;53(11): 
1274-83. 

Bertolla RP, Cedenho AP, Hassun Filho PA, Lima 
SB, Ortiz V, Srougi M. Sperm nuclear DNA frag- 
mentation in adolescents with varicocele. Fertil 
Steril. 2006;85(3):625-8. 

Banks S, King SA, Irvine DS, Saunders PT. Impact of 
a mild scrotal heat stress on DNA integrity in murine 
spermatozoa. Reproduction. 2005;129(4):505-14. 
Zorgniotti AW. Non-invasive scrotal thermometry. 
Adv Exp Med Biol. 1991;286:111-4. 

Zorgniotti AW. Elevated intrascrotal temperature. II: 
Indirect testis and intrascrotal temperature measure- 
ment for clinical and research use. Bull N Y Acad 
Med. 1982;58(6):541-4. 


124 


56. 


57. 


58. 


59. 


60. 


6l. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71, 


72. 


73. 


Hjollund NH, Storgaard L, Ernst E, Bonde JP, Olsen 
J. The relation between daily activities and scrotal 
temperature. Reprod Toxicol. 2002;16(3):209-14. 
Bujan L, Daudin M, Charlet JP, Thonneau P, 
Mieusset R. Increase in scrotal temperature in car 
drivers. Hum Reprod. 2000;15(6): 1355-7. 
Jockenhovel F, Grawe A, Nieschlag E. A portable 
digital data recorder for long-term monitoring of scro- 
tal temperatures. Fertil Steril. 1990;54(4):694—700. 
Rock J, Robinson D. Effect of induced intrascrotal 
hyperthermia on testicular function in man. Am J 
Obstet Gynecol. 1965;93(6):793-801. 

Lerchl A, Keck C, Spiteri-Grech J, Nieschlag 
E. Diurnal variations in scrotal temperature of nor- 
mal men and patients with varicocele before and 
after treatment. Int J Androl. 1993;16(3):195—200. 
Jung A, Hofstotter JP, Schuppe HC, Schill 
WB. Relationship between sleeping posture and 
fluctuations in nocturnal scrotal temperature. Reprod 
Toxicol. 2003; 17(4):433-8. 

Koskelo R, Zaproudina N, Vuorikari K. High scrotal 
temperatures and chairs in the pathophysiology of poor 
semen quality. Pathophysiology. 2005;11(4):221-4. 
Mieusset R, Bengoudifa B, Bujan L. Effect of pos- 
ture and clothing on scrotal temperature in fertile 
men. J Androl. 2007;28(1):170-5. 

Song GS, Seo JT. Changes in the scrotal temperature 
of subjects in a sedentary posture over a heated floor. 
Int J Androl. 2006;29(4):446-57. 

Zorgniotti A, Reiss H, Toth A, Sealfon A. Effect of 
clothing on scrotal temperature in normal men and 
patients with poor semen. Urology. 1982;19(2):176-8. 
Elebute EA. The relationship of skin temperatures of 
clothed adults to ambient temperature in a warm 
environment. Afr J Med Med Sci. 1976;5(2):175-8. 
Laven JS, Haverkorn MJ, Bots RS. Influence of 
occupation and living habits on semen quality in 
men (scrotal insulation and semen quality). Eur J 
Obstet Gynecol Reprod Biol. 1988;29(2):137-41. 
Lynch R, Lewis-Jones DI, Machin DG, Desmond 
AD. Improved seminal characteristics in infertile 
men after a conservative treatment regimen based on 
the avoidance of testicular hyperthermia. Fertil 
Steril. 1986;46(3):476-9. 

Tiemessen CH, Evers JL, Bots RS. Tight-fitting 
underwear and sperm quality. Lancet. 1996; 
347(9018):1844—5. 

Partsch CJ, Aukamp M, Sippell WG. Scrotal tem- 
perature is increased in disposable plastic lined nap- 
pies. Arch Dis Child. 2000;83(4):364-8. 

Grove GL, Grove MJ, Bates NT, Wagman LM, 
Leyden JJ. Scrotal temperatures do not differ among 
young boys wearing disposable or reusable diapers. 
Skin Res Technol. 2002;8(4):260-70. 

Jung A, Schuppe HC. Influence of genital heat stress 
on semen quality in humans. Andrologia. 2007;39(6): 
203-15. 

Hammoud AO, Gibson M, Peterson CM, Meikle 
AW, Carrell DT. Impact of male obesity on infertil- 
ity: a critical review of the current literature. Fertil 
Steril. 2008;90(4):897-904. 


74. 


75. 


76. 


Ali 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


D. Durairajanayagam et al. 


Kort HI, Massey JB, Elsner CW, Mitchell-Leef D, 
Shapiro DB, Witt MA, et al. Impact of body mass 
index values on sperm quantity and quality. J Androl. 
2006;27(3):450-2. 

Ivell R. Lifestyle impact and the biology of the 
human scrotum. Reprod Biol Endocrinol. 2007;5:15. 
Shafik A, Olfat S. Lipectomy in the treatment of 
scrotal lipomatosis. Br J Urol. 1981;53(1):55-61. 
Shafik A, Olfat S. Scrotal lipomatosis. Br J Urol. 
1981;53(1):50-4. 

Keast ML, Adamo KB. The Finnish sauna bath and 
its use in patients with cardiovascular disease. 
J Cardiopulm Rehabil. 2000;20(4):225-30. 
Brown-Woodman PD, Post EJ, Gass GC, White 
IG. The effect of a single sauna exposure on sperma- 
tozoa. Arch Androl. 1984;12(1):9-15. 

Garolla A, Torino M, Sartini B, Cosci I, Patassini C, 
Carraro U, et al. Seminal and molecular evidence 
that sauna exposure affects human spermatogenesis. 
Hum Reprod. 2013;28(4):877-85. 

Shefi S, Tarapore PE, Walsh TJ, Croughan M, Turek 
PJ. Wet heat exposure: a potentially reversible cause 
of low semen quality in infertile men. Int Braz J 
Urol. 2007;33(1):50-6, discussion 56-7. 

Jung A, Strauss P, Lindner HJ, Schuppe 
HC. Influence of moderate cycling on scrotal tem- 
perature. Int J Androl. 2008;31(4):403-7. 

Lucia A, Chicharro JL, Perez M, Serratosa L, 
Bandres F, Legido JC. Reproductive function in 
male endurance athletes: sperm analysis and hor- 
monal profile. J Appl Physiol. 1996;81(6):2627-36. 
Sheynkin Y, Jung M, Yoo P, Schulsinger D, Komaroff 
E. Increase in scrotal temperature in laptop computer 
users. Hum Reprod. 2005;20(2):452-S. 

Bonde JP. Semen quality in welders exposed to radi- 
ant heat. Br J Ind Med. 1992;49(1):5-10. 

Kumar S, Zaidi SS, Gautam AK, Dave LM, Saiyed 
HN. Semen quality and reproductive hormones 
among welders—a preliminary study. Environ 
Health Prev Med. 2003;8(2):64—7. 

Thonneau P, Ducot B, Bujan L, Mieusset R, Spira 
A. Effect of male occupational heat exposure on 
time to pregnancy. Int J Androl. 1997;20(5):274-8. 
Figa-Talamanca I, Dell’Orco V, Pupi A, Dondero F, 
Gandini L, Lenzi A, et al. Fertility and semen quality 
of workers exposed to high temperatures in the ceram- 
ics industry. Reprod Toxicol. 1992;6(6):5 17-23. 

Sas M, Szollosi J. Impaired spermiogenesis as a 
common finding among professional drivers. Arch 
Androl. 1979;3(1):57-60. 

Henderson J, Rennie GC, Baker HW. Association 
between occupational group and sperm concentration 
in infertile men. Clin Reprod Fertil. 1986;4(4):275-81. 
Chia SE, Ong CN, Lee ST, Tsakok FH. Study of the 
effects of occupation and industry on sperm quality. 
Ann Acad Med Singapore. 1994;23(5):645-9. 
Figa-Talamanca I, Cini C, Varricchio GC, Dondero 
F, Gandini L, Lenzi A, et al. Effects of prolonged 
autovehicle driving on male reproduction function: a 
study among taxi drivers. Am J Ind Med. 1996;30(6): 
750-8. 


8 Testicular Heat Stress and Sperm Quality 


93. 


94. 


95. 


96. 


97. 


98. 


99. 


100. 


101. 


102. 


103. 


Thonneau P, Ducot B, Bujan L, Mieusset R, Spira 
A. Heat exposure as a hazard to male fertility. 
Lancet. 1996;347(8995):204-5. 

Jung A, Strauss P, Lindner HJ, Schuppe 
HC. Influence of heating car seats on scrotal tem- 
perature. Fertil Steril. 2008;90(2):335-9. 

Velez de la Calle JF, Rachou E, le Martelot MT, 
Ducot B, Multigner L, Thonneau PF. Male infertility 
risk factors in a French military population. Hum 
Reprod. 2001;16(3):481-6. 

Jorgensen N, Andersen AG, Eustache F, Irvine DS, 
Suominen J, Petersen JH, et al. Regional differences 
in semen quality in Europe. Hum Reprod. 2001; 
16(5):1012-9. 

Tjoa WS, Smolensky MH, Hsi BP, Steinberger E, 
Smith KD. Circannual rhythm in human sperm 
count revealed by serially independent sampling. 
Fertil Steril. 1982;38(4):454-9. 

Gyllenborg J, Skakkebaek NE, Nielsen NC, Keiding 
N, Giwercman A. Secular and seasonal changes in 
semen quality among young Danish men: a statistical 
analysis of semen samples from 1927 donor candidates 
during 1977-1995. Int J Androl. 1999;22(1):28-36. 
Mallidis C, Howard EJ, Baker HW. Variation of 
semen quality in normal men. Int J Androl. 1991; 
14(2):99-107. 

Mathew V, Bantwal G. Male contraception. Indian J 
Endocrinol Metab. 2012;16(6):910-7. 

Mieusset R, Bujan L. The potential of mild testicular 
heating as a safe, effective and reversible contracep- 
tive method for men. Int J Androl. 1994;17(4): 
186-91. 

Wang C, Cui YG, Wang XH, Jia Y, Sinha Hikim A, 
Lue YH, et al. Transient scrotal hyperthermia and 
levonorgestrel enhance testosterone-induced sper- 
matogenesis suppression in men through increased 
germ cell apoptosis. J Clin Endocrinol Metab. 
2007;92(8):3292-304. 

Osman MW, Nikolopoulos L, Haoula Z, 
Kannamannadiar J, Atiomo W. A study of the effect 
of the FertilMate Scrotum Cooling Patch on male 
fertility. SCOP trial (scrotal cooling patch)—study 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


112. 


113. 


114. 


115. 


125 


protocol for a randomised controlled trial. Trials. 
2012;13:47. 

Robinson D, Rock J, Menkin MF. Control of human 
spermatogenesis by induced changes of intrascrotal 
temperature. JAMA. 1968;204(4):290-7. 

Mulcahy JJ. Scrotal hypothermia and the infertile 
man. J Urol. 1984;132(3):469-70. 

Zorgniotti AW, Cohen MS, Sealfon AI. Chronic 
scrotal hypothermia: results in 90 infertile couples. 
J Urol. 1986;135(5):944—7. 

Jung A, Eberl M, Schill WB. Improvement of semen 
quality by nocturnal scrotal cooling and moderate 
behavioural change to reduce genital heat stress in men 
with oligoasthenoteratozoospermia. Reproduction. 
2001;121(4):595-603. 

Zorgniotti AW, Sealfon AI, Toth A. Chronic scrotal 
hypothermia as a treatment for poor semen quality. 
Lancet. 1980;1(8174):904-6. 

Zorgniotti AW, Sealfon AI. Measurement of intra- 
scrotal temperature in normal and subfertile men. 
J Reprod Fertil. 1988;82(2):563-6. 

Zorgniotti AW, Toth A, Macleod J. Infrared ther- 
mometry for testicular temperature determinations. 
Fertil Steril. 1979;32(3):347-8. 

Jung A, Leonhardt F, Schill WB, Schuppe 
HC. Influence of the type of undertrousers and phys- 
ical activity on scrotal temperature. Hum Reprod. 
2005;20(4): 1022-7. 

Mieusset R, Fouda PJ, Vaysse P, Guitard J, Moscovici 
J, Juskiewenski S. Increase in testicular temperature 
in case of cryptorchidism in boys. Fertil Steril. 
1993;59(6):1319-21. 

Shafik A. Testicular suspension as a method of male 
contraception: technique and results. Adv Contracept 
Deliv Syst. 1991;7(3-4):269-79. 

Mieusset R, Grandjean H, Mansat A, Pontonnier 
F. Inhibiting effect of artificial cryptorchidism on 
spermatogenesis. Fertil Steril. 1985;43(4):589-94. 
Jung A, Schill WB, Schuppe HC. Improvement of 
semen quality by nocturnal scrotal cooling in oligo- 
zoospermic men with a history of testicular mal- 
descent. Int J Androl. 2005;28(2):93-8. 


William B. Smith II, Landon W. Trost, Yihan Chen, 
Amanda Rosencrans, and Wayne J.G. Hellstrom 


Introduction 


A variety of sexually transmitted infections 
(STIs) of the male genitourinary (GU) tract have 
been associated with male factor infertility. In 
both men and women, these infections may result 
in significant morbidity and make a formidable 
contribution to worldwide health expenditures. 
Although the literature on male GU infections is 
less robust compared to females, approximately 
15 % of male factor infertility is postulated to be 
secondary to GU inflammation and infections, 
many of which are sexually transmitted [1—4]. 
As nearly one quarter of male infertility is con- 
sidered idiopathic in etiology, the possible contri- 
bution of GU infections on infertility may be 
greater than current estimates [5, 6]. 

Although the true worldwide prevalence is 
unknown, the most recent World Health 
Organization (WHO) report on the global inci- 
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dence of STIs estimates that there were approxi- 
mately 500 million new cases of C. trachomatis, 
N. gonorrhoeae (NG), syphilis, and T. vaginalis 
in 2008 [7]. Approximately 53 % of these cases 
were in the male population, with rates 11 % 
higher than in 2005. In the male andrological 
population, the prevalence of GU inflammatory 
and infectious entities is estimated at 7-8 % [2, 8]. 
Commonly reported STI-related sequelae in this 
population include chronic urethritis, epididymi- 
tis, epididymo-orchitis, male accessory gland 
infection (MAGI), and nonspecific GU inflam- 
mation. Given their prevalence and potential for 
morbidity, it is important to understand their 
association with and possible contribution toward 
male factor infertility. 

Several different mechanisms for STI-induced 
infertility have been suggested: (a) outflow 
obstruction of the urethra, vas deferens, ejacula- 
tory duct, and/or epididymis secondary to fibrosis 
and stricture formation; (b) damage to spermato- 
zoa lipid bilayer and DNA via reactive oxygen 
species (ROS); (c) testicular and/or epididymal 
damage affecting spermatogenesis; and (d) gen- 
eration and binding of antisperm antibodies 
(ASA). See Fig. 9.1 for graphical depiction of the 
proposed mechanisms of inflammation/infection- 
associated infertility. It is noteworthy that since 
infections present with varying symptomatology, 
clinical definitions, and diagnostic criteria, it is 
inherently difficult to accurately categorize indi- 
vidual infectious syndromes, draw direct com- 
parisons from available literature, and directly 
elucidate mechanisms of injury [1, 3, 9]. 
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-Obstruction 


-Damage to spermatogonia 

-Hyalinization of seminiferous 
tubules 

-Vascular impairment 

-Atrophy 


Reactive oxygen species: 
-Cellular apoptosis 

-Decreased acrosomal reaction 
-Decreased ATP 

-DNA damage 

-Increased sperm agglutination 
-Lipid peroxidation 

-Stiffening of flagellar apparatus 


Fig.9.1 Proposed mechanisms of bacterial/viral-induced male subfertility/infertility 


This chapter will address the role of sexually 
transmitted GU infections in male factor infertil- 
ity. The impact of inflammation will be discussed 
first, as it is an underlying component of most 
STIs. The remainder of the chapter will be 
devoted to the discussion of individual pathogens 
and those physiologic sequelae most frequently 
associated with male factor infertility. See 
Table 9.1 for the summary of the proposed mech- 
anisms and data on pathologic organisms associ- 
ated with male factor infertility. 


Etiology of Infectious/ 
Inflammatory-Associated 
Male Factor Infertility 


At the developmental level, spermatogonia 
mature within the seminiferous tubules into sper- 
matocytes, secondary spermatocytes, spermatids, 
and ultimately spermatozoa. These spermatozoa 
are then released from the testis and undergo 
additional maturation in the epididymis [10, 11]. 
Interruption at any point in this developmental 
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process, as may occur with inflammation, may 
lead to abnormal sperm function and resultant 
subfertility/infertility. 

Male GU infections, particularly those in the 
testis and epididymis, are rarely identified in the 
absence of inflammation [11]. Inflammatory pro- 
cesses involving the male GU tract recruit leuko- 
cytes into the semen with subsequent production 
of ROS and ASA [11]. Leukocytospermia, 
defined by the WHO as >1 x 10° white blood cells 
per mL of semen, is a typical consequence of GU 
inflammation and is seen occasionally in the set- 
ting of subclinical GU infection [12-16]. 

ROS are oxygen-derived free radicals and are 
therefore highly active oxidizing agents. These 
include superoxide anions, hydroxyl] radicals, 
hydrogen peroxide, nitric oxide, and peroxide, 
among others [17]. Leukocytes produce ROS 
through oxidative bursts [11, 18, 19] and indi- 
rectly via cytokine activation of the xanthine oxi- 
dase system [20-23]. Although invading 
pathogens may also produce ROS, leukocytes are 
the predominant source [11, 24, 25]. ROS pro- 
duction in limited amounts is required for capaci- 
tation, hyperactivation, acrosome reaction, and 
sperm-oocyte fusion [11, 26]. However, when 
present in excess, oxidative stress increases, 
which hinders spermatogenesis in the testis and 
epididymis and results in direct injury to sperma- 
tozoa [11, 15, 23, 26-28]. 

Several potential underlying mechanisms for 
ROS-induced impairment of spermatogenesis 
have been proposed. ROS directly damage the 
lipid membrane via peroxidation, which stiffens 
the flagellar apparatus. Additionally, consump- 
tion of hydrogen atoms by ROS reduces the 
availability of intracellular adenosine triphos- 
phate (ATP) [11, 25, 29-33]. This process impairs 
motility and increases agglutination [20, 34]. 
Oxidative stress also causes transverse DNA 
mutation, increased rates of apoptosis [35, 36], 
and decreased acrosomal reactions [37, 38]. 
Although semen is rich in antioxidants [39], 
spermatozoa’s low cytoplasm content makes 
them particularly vulnerable to oxidative damage 
[40]. Indeed, couples in which the male is found 
to have elevated ROS levels are less likely to 
conceive than those in which the male is found to 
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have lower ROS levels [41, 42]. As such, any 
inflammatory condition has the potential to 
reduce male fertility. 


Urethritis, Epididymitis, 
Epididymo-Orchitis, and Male 
Accessory Gland Infection 


Urethritis 


Urethritis is characterized by dysuria and/or 
urethral discharge, although it may also be 
asymptomatic. Urethritis is more often seen in 
young, sexually active men, with C. trachomatis 
and NG most commonly isolated. C. trachomatis 
is the most frequently reported STI in the United 
States with 1,412,791 cases identified in 2011, 
followed by NG with 321,839 [43]. NG infection 
becomes readily apparent in 90 % of men, with 
symptoms of urethritis usually developing within 
1 week of exposure [44]. Concomitant C. tracho- 
matis infection is present in 25-30 % of men with 
gonococcal urethritis, and chlamydial infection 
alone accounts for 15—40 % of all nongonococcal 
urethritis (NGU) cases [45, 46]. In the majority 
of NGU, no pathogen is detected; however, the 
CDC estimates that Mycoplasma _ genitalium 
accounts for 15-25 % of US cases. Less common 
sexually transmitted causes of male urethritis 
include Trichomonas vaginalis and herpes sim- 
plex virus (HSV). Ureaplasma as a causative 
organism remains controversial, with its role less 
clearly defined [46]. 

Currently available data do not definitively 
demonstrate or disprove a causal link between 
urethritis and male factor infertility. Isolated, 
appropriately treated cases of acute urethritis are 
unlikely to lead to male factor infertility. Ness 
and colleagues reviewed 17 studies comparing 
semen in fertile and infertile men and did not 
consistently find an association between urethri- 
tis and alterations in sperm characteristics or 
fertility status [47]. However, these studies were 
inconsistent in design and power and did not 
include healthy controls. Similarly, other authors 
have reported inconsistent relationships between 
these two clinical entities [9]. Although urethritis 
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was previously a common etiology for urethral 
stricture disease (USD), it is now one of the least 
prevalent causes [48, 49]. Furthermore, to signifi- 
cantly alter semen characteristics or result in azo- 
ospermia, USD as an isolated cause would have 
to be very severe and would be associated with 
significant urinary symptomatology. Untreated 
urethritis that progresses to upper genital tract 
infection, however, may lead to altered semen 
parameters, and, in severe cases, complete 
obstruction and azoospermia [50-52]. 


Epididymitis and Epididymo-orchitis 


While treated urethritis alone seems to have little 
impact on male fertility, cases of epididymo- 
orchitis or untreated urethritis progressing to epi- 
didymo-orchitis are more causally linked [50, 51, 
53]. Before the widespread utilization of antibiot- 
ics, it is estimated that urethritis progressed to 
epididymo-orchitis in 10-30 % of cases [47, 54]. 
Isolated orchitis without epididymitis is uncom- 
mon except in the case of mumps orchitis and 
therefore is not discussed outside of this section. 
The incidence of epididymitis in the United 
States is approximately 600,000 cases annually 
[55], with greatest prevalence among men aged 
15-30 years[46]. Concurrent epididymitis and 
orchitis occur in approximately 60 % of cases 
[9, 55-57]. Epididymitis presents as intense scrotal 
pain, while epididymo-orchitis includes testicu- 
lar pain and swelling. These conditions are most 
commonly caused by C. trachomatis and NG in 
men 15-35 years of age [58]. For men outside 
this age range or those practicing anal inter- 
course, E. coli is the more frequent culprit [55]. 
Altered semen characteristics including abnormal 
sperm morphology, decreased motility, and 
reduced concentration have been observed in 
8-33 % of patients after unilateral epididymitis 
or epididymo-orchitis [9, 47, 57, 59, 60]. In at 
least 60 % of patients with acute infection, sper- 
matogenesis is significantly reduced [61]. 
Changes are similar when comparing chronic 
epididymitis and chronic epididymo-orchitis [1]. 
Epididymitis frequently leads to impaired sperm 
motility and number, with occasional development 


of epididymal obstruction and resultant azo- 
ospermia reported [11]. Abnormal sperm func- 
tion may result without complete occlusion of the 
epididymis, and infertility may approach 40 % in 
men with a history of bilateral infection even fol- 
lowing resolution of the epididymo-orchitis [47, 
54, 59, 62, 63]. Obstruction may also develop in 
the vas deferens or the ejaculatory duct [64—67]. 
Seminal alterations can be transient, but affected 
individuals, particularly those with recurrent and 
chronic infections, are at risk for developing 
epididymal obstruction and testicular atrophy. 
Of interest, patients presenting with unilateral 
infection who undergo contralateral testicular 
biopsy demonstrate evidence of gonadal damage 
and azoospermia in the contralateral testis, sug- 
gesting the presence of subclinical bilateral 
involvement [59]. 

ASA production may also play a role in the 
postinfectious development of — subfertility. 
Epididymal and/or testicular inflammation in the 
context of infection can disrupt the Sertoli cell 
blood-testis barrier and expose spermatic anti- 
gens to the immune response [1, 6, 35, 68, 69]. 
Resulting ASAs may cause sperm agglutination, 
reduced motility, and impaired zona pellucida 
binding and penetration and prevent the acro- 
some reaction. ASAs can be found in approxi- 
mately 10 % of infertile men and 2 % of fertile 
men [70]. The likelihood of infertility is propor- 
tional to the amount of antibody binding [71]. 
The relative contribution of this mechanism to 
infertility in the context of genital tract infections 
has not, however, been well defined. 

Compared to other GU infections, epididymitis/ 
epididymo-orchitis is most strongly associated 
with male factor infertility, likely due to a combi- 
nation of both direct impairment of semen param- 
eters through inflammatory processes and the 
indirect development of mechanical obstruction 
[1, 22, 35]. 


Male Accessory Gland Infection 
Studies attempting to define the connection 


between different forms of MAGI and 
infertility are inconsistent in their conclusions. 
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MAGI defined by the WHO includes infection of 
the seminal vesicles, bulbourethral glands, and 
prostate [72]. Unfortunately, the literature uses 
variations in definition, with some analyses 
incorporating urethritis and/or epididymal dis- 
ease, further confounding assessments. 

Prostatitis is the most common urologic diag- 
nosis in men under 50. In general, the most fre- 
quently isolated organisms in prostatitis are 
gram-negative rods, while NG, C. trachomatis, 
gram-positives, and mycoplasma (controversial) 
are less often identified [9, 73, 74]. In contrast to 
bacterial prostatitis, many patients (80 %) have 
no evidence for infection at the time of presenta- 
tion. Additionally, the time for sperm contact 
during ejaculation is limited [22, 75]. Given the 
low rate of bacterial infections with MAGI and 
minimal direct interaction with sperm, the rela- 
tive direct impact of STI on fertility is likely 
small. However, indirectly MAGI leads to leuko- 
cytospermia, elevated ROS production, and sup- 
pression of prostatic secretion of citric acid and 
gamma-glutamyl transpeptidase, which may 
increase spermatogenic oxidative stress [25]. 
Additionally, chronic MAGI has been associated 
with scarring and obstruction of the ejaculatory 
ducts, leading to ejaculatory duct obstruction 
[65, 76]. Although EDO is most often partial in 
nature, it may lead to poor sperm quality and low 
seminal volume levels [65, 67]. 

Despite these potential mechanisms, a review 
by Weidner and colleagues demonstrated no evi- 
dence for decreased sperm density, morphology, 
or motility in patients with chronic prostatitis 
[9]. Currently, there is no consensus on the role 
of MAGI on male subfertility/infertility with 
conflicting data available [77-79]. 


Genitourinary Pathogens 
Associated with Infertility 


Bacteria 


Neisseria gonorrhoeae 

The evidence for NG as a cause of male factor 
infertility is probably the strongest among the 
STIs; however, the majority of data is observa- 
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tional in nature, without a direct causal link 
established. 

Observed and hypothesized sequelae of NG 
infection include urethral strictures, ejaculatory 
duct obstruction [76], epididymal obstruction, 
and, less commonly, systemic dissemination. 
Infection becomes symptomatic typically within 
2 weeks, and, if untreated, may lead to 
epididymo-orchitis. In a WHO comparison of 
samples from high and low NG prevalence 
regions in Uganda, 27.9 % of men from the high 
prevalence sample had evidence of current epi- 
didymitis, 6 % of which were bilateral [80-82]. 
As a corollary, 44 % of those men with epididy- 
mitis were childless compared to 19 % of their 
non-epididymitis counterparts. Prior to wide- 
spread antibiotic therapies, NG subsequently led 
to epididymitis in 17-30 % of cases. Other 
reports from the 1970s to 1980s era, during 
which limited antibiotic access was available in 
Africa, indicate that the majority (65-80 %) of 
urologic practices involved treatment of USD 
and infertility [81, 83]. Although less common in 
the current era, increasing prevalence of drug- 
resistant NG strains may lead to a resurgence of 
epididymitis and infertility [84]. 


Chlamydia trachomatis 
Although C. trachomatis is primarily located in 
the penile urethra, it may spread throughout the 
GU tract, resulting in epididymo-orchitis with or 
without MAGI [4, 85, 86]. Data on the impact of 
chlamydial infection on male fertility are incon- 
clusive. In vitro, C. trachomatis co-incubation 
with spermatozoa leads to asthenospermia and 
premature cell death, likely secondary to a 
caspase-mediated mechanism triggered by ele- 
mentary bodies [87]. In an observational analy- 
sis of sperm donor samples, Veznik and 
colleagues found spermatozoa in chlamydia- 
positive samples to have significantly lower 
motility rates and significantly increased rates of 
teratospermia compared to controls. In contrast, 
other studies have failed to demonstrate any sig- 
nificant difference in sperm count, motility, or 
morphology [88-91]. 

Although C. trachomatis infection influences a 
number of factors related to fertility, its overall 
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contribution toward subfertility/infertility remains 
poorly defined. Given its high prevalence among 
young sexually active men and its tendency to 
remain asymptomatic for long periods, additional 
research is warranted. 


Mollicutes 

The class Mollicutes encompasses eight genera 
of bacteria, including the ureaplasmas and 
mycoplasmas [92]. The genital ureaplasmas 
and mycoplasmas are commonly found in the 
human GU system, with prevalence associated 
with increasing sexual exposure [93, 94]. 
U. urealyticum has been associated with NGU 
[45, 92] and has been observed in 10-40 % of 
infertile men [61]. 

Although the true association with infertility 
remains unknown, the majority of studies have 
not demonstrated an increased prevalence of U. 
urealyticum in infertile cohorts compared to 
controls. Two studies which demonstrated an 
increased rate of infection in infertile patient vs. 
controls include Xu and colleagues (38.7 % vs. 
0.1 %) and Megory and colleagues (40 % vs. 
28 %), respectively [61, 95, 96]. In contrast, 
other studies have failed to identify any differ- 
ences in U. urealyticum rates between infertile 
and fertile males [97, 98]. 

Limited research has been undertaken to 
assess the impact of antibiotic administration on 
fertility. In reviewing data on 60 infertile patients 
with asymptomatic U. urealyticum or C. tracho- 
matis infections and pyospermia, Pajovic and 
colleagues demonstrated significant improve- 
ments in semen characteristics, including semi- 
nal volume, pH, sperm concentration, and 
motility following antibiotic therapy [99]. 

Although U. urealyticum has been shown to 
attach directly to spermatozoa in vivo, there are 
conflicting data regarding its impact on fertility 
[76, 92, 95]. Observed no differences in semen 
parameters, while others have reported decreased 
sperm concentration [100-102], lower pH, 
increased viscosity [101], and reduced motility 
[97, 102]. Reichart also observed motility varying 
proportionately with pH and hypothesized that this 
occurs as a result of mitochondrial energy compe- 
tition in infected spermatozoa [103]. 


Beyond the impact on semen analysis param- 
eters, U. urealyticum may damage paternal DNA 
[104]. This is especially problematic with in vitro 
fertilization (IVF), as it permits normal fertiliza- 
tion while impairing embryonic development. 
Sperm infected with U. urealyticum results in 
decreased rates of pregnancy with IVF compared 
to controls [105]. Additional research is required 
to further assess the impact of U. urealyticum on 
fertility as well as the role and impact of treat- 
ment on outcomes. 

U. parvum has been reported in 4.2—19.2 % of 
infertile males. There is currently little evidence, 
however, that this organism has any effect on 
male fertility [92, 106]. 

M. genitalium is a causative agent identified in 
NGU [107], with a prevalence ranging from 0.9 
to 5 % among men presenting to infertility clinics 
[92, 108]. Gdoura and colleagues have identified 
an association between the presence of M. geni- 
talium DNA and decreased sperm concentration, 
although there is currently minimal literature 
available regarding its role and impact of treat- 
ment in male factor infertility. 

The true prevalence of M. hominis is unknown. 
Estimates range from 0 % of French couples 
attending a fertility clinic to 10-28 % of infertile 
men in Africa [92, 109, 110]. In evaluating the 
pathogenicity of M. hominis, Diaz-Garcia et al. 
observed rapid attachment and invasion of 
healthy spermatozoa without associated change 
in sperm viability. These results suggest that 
short-term infections may be of little conse- 
quence [111]. Similarly, an analysis of 234 men 
infected with M. hominis did not detect any 
changes in sperm parameters compared to con- 
trols [112]. In contrast, a more recent study iden- 
tified an association between M. hominis and 
impaired semen factors, including low sperm 
concentration (p=0.007) and altered morphology 
(p=0.03) [92]. 

In summary of the currently available litera- 
ture, with the exception of U. urealyticum, none 
of the above-described ureaplasma/mycoplasma 
organisms are definitively linked to male factor 
infertility. Although limited data are available on 
all ureaplasma/mycoplasma organisms, M. urea- 
lyticum is of particular concern due to its high 
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prevalence and ability to directly alter sperm 
DNA. Further research is needed to assess the 
significance of the Mollicutes as well as the role 
for their potential treatment. 


Viruses 


Previous studies have associated viral infections 
with altered semen parameters and have sug- 
gested a deleterious impact on male fertility [113, 
114]. Among 241 patients undergoing routine 
semen analysis at a male infertility clinic, the 
prevalence of sexually transmissible viral patho- 
gens was 16.2 % [115]: cytomegalovirus (CMV) 
(8.7 %), human papillomaviruses (HPV) (4.5 %), 
HSV-1/HSV-2 (3.7 %), human herpesvirus 6 
(HHV-6) (3.7 %), and Epstein-Barr virus (EBV) 
(0.4 %). Although prevalent, CMV, HHV-6, and 
EBV have not been associated with altered semen 
parameters [114-117]. Additionally, EBV is 
rarely found in semen, as it resides in the 
B-lymphocyte, which occupies only a small pro- 
portion of seminal WBCs [116]. Hepatitis B, 
although not commonly isolated, can be readily 
transmitted through semen but is not linked to 
infertility [118]. Human immunodeficiency virus 
[11], HSV, and HPV have each been associated 
with male infertility and are reviewed in greater 
detail below. 


Human Immunodeficiency Virus 


Among sexually transmitted viruses, HIV is most 
strongly associated with male factor infertility, 
particularly in the context of acquired immuno- 
deficiency syndrome (AIDS) and highly active 
antiretroviral therapy (HAART), although spe- 
cific mechanisms have not been fully elucidated. 
In the United States, there are approximately 
1.15 million people over age of 13 living with 
HIV, with an incidence of 50,000 new infections 
per year [119, 120]. Of those living with HIV, 
18 % are unaware of their infection. 

Once a male is infected and viral titers rise, 
HIV is present in the reproductive tract both in 
infected leukocytes [121] and possibly in 
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spermatozoa as well [122]. Early, asymptomatic 
HIV infection does not appear to alter semen 
quality appreciably [8, 114, 123-128]. In a longi- 
tudinal cohort study by van Leeuwen and col- 
leagues, 55 men with HIV-1 infection of variable 
duration in the absence of HAART were followed 
for 96 weeks, and despite significantly decreased 
CD4 cell count and increased HIV-1 RNA, no 
significant changes in semen parameters over 
time were observed [124]. 

Although the rate of deterioration appears to 
be gradual, longer-term HIV infection is associ- 
ated with progressive reductions in fertility [125, 
127]. A number of studies have reported that 
deterioration in sperm quality is correlated with 
decreasing CD4 blood count, with lower CD4 
levels associated with asthenozoospermia, oligo- 
spermia, and reduced ejaculate volume [8, 121, 
126-132]. 

In addition to the direct effects of HIV, 
HAART is associated with and potentially accel- 
erates the decline of sperm quality in HIV infec- 
tion, particularly with regard to motility, 
morphology, and ejaculate volume [118, 127, 
132-136]. It is hypothesized that these effects are 
related, at least in part, to mitochondrial toxicity 
observed with the nucleoside analogs or through 
inhibition of apoptosis with protease inhibitors. 
However, the exact mechanisms for reduced fer- 
tility in the context of higher viral loads, lower 
CD4 counts, and HAART remain poorly 
described and require additional evaluation. 


Herpes Simplex Virus 


HSV is responsible for genital herpes infection 
and is present in over 50 million people in the 
United States [46]. There is currently only a 
modest amount of data linking HSV to male fac- 
tor infertility. HSV-1 and HSV-2, in contrast to 
other serotypes, are present in the semen and 
directly attached to sperm [115, 137-139]. el 
Borai and colleagues identified HSV DNA in 
24 % (37/153) of semen samples from men 
attending an infertility clinic [113, 138]. 
Interestingly, none of the men who had previ- 
ously fathered children had any evidence of HSV 


9 Sexual Issues: Role of Sexually Transmitted Infections on Male Factor Fertility 135 


DNA in their semen. In another study describing 
80 men attending a maternity center for repro- 
ductive counseling, HSV was detected in 46 % of 
semen samples and was associated with reduced 
sperm count and motility [139]. Among infertile 
patients undergoing semen analysis, those with 
HSV+DNA samples have significantly reduced 
sperm concentration, count, motility, and neutral 
alpha-glucosidase and citrate concentrations. 
These results suggest HSV may impact semen 
quality not only through damaging spermatozoa 
but also via impairing epididymal and prostatic 
function; however, the direct impact of HSV on 
fertility remains unclear and requires additional 
investigation [115, 116, 139, 140]. 


Human Papillomavirus 


There are over 100 subtypes of HPV, with vary- 
ing specificity for different body sites. HPV 16 
and 18 are the most commonly isolated strains 
worldwide and may be immunized against with 
the currently available HPV vaccination. Despite 
available preventative measures, anogenital HPV 
infection in the United States was estimated at 
5.5 million cases per year in 2010 [43]. Data link- 
ing HPV to male infertility are limited, with one 
study reporting its association with abnormal 
sperm motility [141]. Given the limited data, the 
role of HPV in infertility and impact of disease 
prevention is poorly understood. 


Conclusion 


Although current data are limited and largely 
remain observational in nature, GU infections are 
associated with increased risk for male factor 
infertility. Among the infectious syndromes, epi- 
didymitis, epididymo-orchitis, and obstructive 
processes appear to be the most causally related. 
In evaluating individual pathogens, NG is likely 
the most significant bacteria resulting in subfer- 
tility/infertility, while the impact of C. trachoma- 
tis is less clearly defined. Studies evaluating 
the impact of the Mollicutes are ongoing, with 
U. urealyticum being the most heavily investigated 


due to its prevalence and known impact on 
spermatozoa DNA. Of the sexually transmitted 
viruses, HIV appears to be the most detrimental 
to male fertility status, and data on the impact of 
HAART are mixed. HSV and HPV are not as 
widely studied, but their impact is not likely as 
significant. The current data regarding STIs are 
limited by its observational nature and lack of 
adequate control groups. Given the prevalence of 
STIs in the general population, ongoing research 
is warranted to better define their direct impact 
on fertility as well as potential benefits with 
treatment. 
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Introduction 


The Oxford Dictionary defines the word stress as 
“a state of affair involving demand on physical or 
mental energy.” Stress could be physical and psy- 
chological. The psychological stress results from 
a mental perception in not being able to cope 
with an untoward situation. It is characterized by 
a state of disturbed homeostasis that evokes com- 
plex physiological and behavioral response. It is 
generally a natural phenomenon and necessary 
environmental demand for mobilizing the body 
resources in an adverse state. Human psychologi- 
cal stress response reflects differences in person- 
ality, physical strength, or general health and 
often varies according to the individual cultural, 
ethnic, and religious norms [1, 2]. 

When stress was first studied in the 1950s, the 
term was used to denote both its causes and the 
effects. More recently, however, the word stressor 
has been used for the stimulus that provokes or ini- 
tiates a stress response. Acute stress developing in 
course of many day-to-day events evokes adrener- 
gic activation and it is not morbific. Chronic stress, 
on the other hand, involves heightened intensity 
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of the stressors, and persistent exposure to them 
may lead to systemic response disproportionate 
to the actual adversity. Psychological stress is 
often a natural outcome of male infertility that 
acts as a chronic stressor in affected persons [3, 4]. 
Approximately, 15 % couples are affected by 
infertility and up to half of these cases arise from 
male infertility [5]. 

Infertility is multifaceted and unique to every 
person challenged with the problem. It is a com- 
plicated issue for men, which normally induces 
them to be the reluctant partner to seek medical 
advice. Historically, more attention has been 
focused on treating female infertility than male 
factor problems. Studies concerning effects on 
infertile males are few in number and have come 
to the forefront in the past decade starting in 
2001. Not a single article on male infertility 
appeared in the Psychoanalytic Electronic 
Publishing archives of the seven primary psycho- 
analytic journals from 1927 to 2000. 

Malik [6] from the Institute of Work, Health, 
and Organizations (Nottingham University, UK) 
said, “Men are in fact equally affected by the 
unfulfilled desire for a child but are less open 
about their feelings.” This could explain the reti- 
cence of infertile men to subject themselves to 
medical examination despite infertility being a 
conjugal issue. In this regard, perhaps relatively 
less number of specialists dealing with male 
reproductive medicine could be an additional fac- 
tor. Takefman [7] reported in Infertility Awareness 
Association of Canada website that the American 
Society of Reproductive Medicine statistics in 2007 
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Table 10.1 Effects of psychological stress 

1. Emotional effects—depression, lack of self-esteem, 
stigma, grief, isolation, etc. 

2. Reproductive effects—loss of libido, erectile or 


ejaculatory dysfunction, deterioration of sperm 
parameters 


had 65 % of its members from the obstetricians 
and gynecologists, whereas only 10 % constituted 
urologists or andrologists. 

Notwithstanding the paucity of psychological 
studies on male infertility, it is common knowl- 
edge that a significant proportion of infertile men 
experience a variety of psychological trauma. 
The manifestations and effects of psychological 
stress in males with infertility are diverse and 
variable. Typical manifestations of psychological 
stress include myriad change in emotional behav- 
ior, sexual dysfunction, and decreased fertility. 
However, the general and reproductive effects of 
psychological stress are entwined and adversely 
complementary in any infertile male [8—10]. 

Often overlooked, psychological stress has a 
large role in male infertility. Morrow [11] sug- 
gested that every sixth couple is infertile and 40 % 
of infertile individuals experience significant emo- 
tional and psychological distress with possible 
long-term implications. Smith [12] reported find- 
ings of a study at the annual meeting of the 
American Urological Association (AUA) in 2008 
that infertile males experience emotional and 
social distress validating that the male partner of 
the infertile couple experiences significant psy- 
chosocial stress. Psychological stress leads not 
only to emotional effects but also cast its shadow 
on the reproduction as shown in Table 10.1. 


Effects on Emotional Behavior 


Infertility is frequently perceived by the couple 
as an enormous psychological stress. It seems 
only logical that a couple failing to achieve the 
expected goal of reproduction will experience 
feelings of disappointment, frustration, grief, 
depression, low self-esteem, and eventual marital 
problems, which adversely contribute to the 
psychological stress. If stress leads to infertility, 
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then infertility leads to more stress. A vicious cycle 
is formed with what might lead to a dead end. 

Infertility is a very private form of grief and 
often the infertile couple grieves alone mostly 
without social support. This grief has nothing to 
focus on as the loss is hidden. The loss of a child 
wanted albeit in imagination but never conceived, 
logically is tantamount to a loss much like suffer- 
ing a miscarriage or a stillborn baby. Isolation or 
loneliness is another common experience among 
infertile couples. Most people having children 
are incapable of comprehending the complex 
mind-set of an infertile couple and fail to recog- 
nize that infertility could be a source of grief 
[13-15]. 

A child born from donor insemination or 
in vitro fertilization (IVF) does not change a male 
mind-set radically although becoming a father 
might give him some solace. However, it is unde- 
niable that a man’s perception about his short- 
coming to impregnate his spouse in the natural 
way can lead to stressful situation. Schover et al. 
[16] reported one study that concluded 80 % of 
100 infertile men developed guilt feelings from 
their failure to prove manhood with its attendant 
consequence of not fulfilling partner’s desire to 
have an offspring. 

Infertile men could suffer from episodes of 
depression, anxiety, and sleep disturbance. 
Furthermore, their feelings of inadequacy might 
lead to detachment in the marriage from shame, 
anger, isolation, sense of personal failure, lowering 
of self-esteem, and loss of libido. Additional psy- 
chological disorders like substance abuse, alcohol 
addiction, and mood disorders are not uncommon 
occurrence in these men. In one study covering 127 
infertile couples, psychological components 
were found to play a significant role in infertility 
of unknown etiology, especially in the male part- 
ners, which affected their personality and social 
behavior, and caused anxiety [7, 17, 18]. 

Self-esteem often is the commonest casualty 
in male infertility. The feeling of inadequacy as a 
man dents his self-image, and psychological 
stress is a natural outcome of this state of mind. 
The inadequacy in infertile men stems from social 
ridicule and often results in low self-esteem 
[19]. Fatherhood is traditionally a sociocultural 
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determinant of masculinity in the Middle East and 
subcontinent of India, Pakistan, and Bangladesh. 
Consequently, these societies look down upon 
men deprived of fatherhood. This stigma leads 
them to lose their self-esteem and inculcate a 
belief as a second-grade citizen not being able to 
prove their masculinity. 

In the subcontinent, especially in India, a 
man’s self-esteem takes a beating, when in a joint 
family a brother younger and marrying later beats 
him in the race of becoming a father. People are 
conditioned to assume that they are born fertile 
and could control the event of pregnancy at will, 
just as they could postpone having babies by tak- 
ing contraceptive measures. Depression and 
hopelessness naturally emerge from the situation 
that dispossesses them of their so-called control 
and choice [13]. 

Miall [20] also found that male infertility was 
frequently seen as arising from sexual dysfunc- 
tion and was associated with a higher level of 
stigma than in females. Moreover, many people 
assume that infertile men cannot perform sexu- 
ally. This stigma adds to the heightened insecu- 
rity in infertile men. Peronace [17] from the 
School of Psychology at Cardiff University dis- 
coursed that male infertility brings on such a 
degree of social stigma that it naturally leads to 
stress and at times a culture of secrecy. The 
stigma adds to the heightened insecurity in infer- 
tile men. Muller, from the University of Mainz, 
Germany, said, “Sexual dissatisfaction of infer- 
tile men could also be related to a withdrawal 
from sexual activities and hence to even lower 
chance of conception” [21]. 

Feelings about fertility and sexual adequacy 
are interconnected for many men. Couples with 
long-term infertility report a higher level of 
depression, low satisfaction with their sex lives, 
and low level of well-being. The adverse feeling 
of not being able to satisfy his partner with a 
child can not only lead to depression but also 
strain on the sexual relationship. It then becomes 
a recipe for adversely affecting the man’s sense 
of well-being. The report by Smith [12] at the 
AUA in 2008 claimed 25 % of patients having 
high levels of stressful partner relationship, 
15 % reported serious issues with their marriage, 
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and 17 % incidence of treatment of infertility 
itself becoming the source of significant stress. 
An infertile man could sometime be beleaguered 
by the thought of his spouse deserting him for his 
inability to prove his manhood, and this becomes 
an additional source of his psychological stress. 

With psychological stress, infertile men tend to 
suppress their emotions and show alexithymic 
characteristics, which might assume important 
clinical implications. Alexithymia is character- 
ized by difficulties in describing emotion in 
words, identifying and communicating emotions. 
Frequently, alexithymic individuals are unaware 
of what their feelings are. Psychotherapist Peter 
Sifneos devised the term alexithymia to describe a 
state of deficiency in understanding, processing, 
or describing emotions [22, 23]. There is some 
evidence that the non-expression of emotion and a 
tendency to develop somatic complaints have 
close association [24-28]. Hesse et al. [29] sug- 
gested in a study that alexithymia was found to be 
correlated with impaired understanding and dem- 
onstration of affection to the partner. This could 
let down partner relationship. Furthermore, there 
is a positive correlation between the alexithymia 
levels in patients and psychogenic erectile prob- 
lem [30]. Taylor et al. [31] opined that male 
infertility may be a symptom or consequence of 
alexithymia. 


Effects on Reproductive Function 


Psychological stress is one among many forms 
of stress that often affect male fertility and repro- 
duction [32]. Chronic psychological stress dis- 
rupts male reproductive function that could often 
negatively influence count, motility and mor- 
phology of spermatozoa, and couple fecundabil- 
ity [10]. Besides it causes higher frequency of 
male sexual disturbances. 

Sex is not more than just a physical response 
and arousal is unquestionably tied to emotions. 
Stress is a common consequence of modern-day 
fast life where achievement is the yardstick to 
material success. A normal male sexual response 
cycle comprises four interactive, nonlinear 
stages: desire, arousal, orgasm, and resolution [33] 
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as shown in Table 10.2 and Fig. 10.la. Orgasm 
usually coincides with ejaculation, but represents 
a distinct cognitive and emotional cortical event. 
Any disruption of this normal cycle may lead to 
various sexual dysfunctions as shown in 
Fig. 10.1b. 


Table 10.2 Phases of the male sexual cycle 


Desire (libido)—fantasies, thoughts, feelings 
Excitement—pleasure and erection 
Orgasm—emission and ejaculation 


roa ad iad os 


Resolution—relaxation and refractory period 
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The most common problems in infertile men 
are psychosexual disorders like decreased libido, 
ejaculatory and erectile dysfunctions, orgasmic 
failure, and deterioration of sperm parameters 
(Table 10.3). Moreover, there may be disturbed 
pattern of sexual interaction between partners 
that leads to mutual discontentment [34]. 


Table 10.3 Reproductive dysfunctions 


Loss of libido 
Erectile dysfunctions 
Ejaculatory dysfunctions 


ral aed Do 


Deterioration of sperm parameters 


Fig. 10.1 Normal (a) and abnormal (b) sexual function 
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Loss of Libido 


Stress is known to have a negative influence on 
the libido. It operates in a cyclical manner. 
Stress leads to decreased libido with resultant 
failure to consummate marriage. Depression 
also suppresses positive feelings and emotions, 
which inhibit libido and the desire for sexual 
activity. Most men have experienced either a loss 
of libido or an inability to maintain an erection 
during periods of stress. However, these episodes 
are usually transient, and once the stress factor is 
eliminated, normal sexual function resumes. 


Erectile Dysfunctions 


Feelings of stress, depression, guilt, or anxiety in 
infertile men can cause psychogenic erectile 
dysfunction that naturally leads to feeling of sex- 
ual inadequacy, often a common accompaniment 
of infertility. Incidentally, erectile dysfunction is 
much more likely to occur among men with a 
submissive personality [35]. 


Causes of Psychological Erectile Failure 
The human brain including the CNS has an 
inbuilt mechanism not only to integrally deal 
with the initiation of erection but also in sup- 
pressing the process. Normally there is a balance 
between the excitatory and inhibitory impulses, 
depending on the circumstances [36]. 

Penile erection has two different underlying 
mechanisms. The first one is a reflex erection initi- 
ated by direct tactile sensation on the penile shaft 
and the second one or psychogenic erection is the 
result of erotic or emotional stimulus. The former 
is mediated by peripheral nerves and the lower spi- 
nal cord, whereas the latter uses the limbic system 
and the brain. A message or impulse is sent follow- 
ing stimulation of the penile shaft to initiate the 
secretion of nitric oxide (NO) to relax the penile 
erectile tissue resulting in erection. But if neces- 
sary, it could send chemical transmitters to cause 
constriction of the penile vasculature, thus inhib- 
iting the normal mechanism of erection [37]. 

Subconscious memory of previous failure to 
perform completely adequate sexual act often 
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subsequently causes recurrent failure to achieve 
adequate erection—a phenomenon described as 
performance anxiety. In this instance, erectile 
failure results from negative response to psycho- 
logical reasons like erotic feelings and thoughts 
in contradistinction to any organic disease. 

Stress, depression, guilt, or anxiety in infertile 
men can cause psychogenic erectile failure that 
makes the feeling of inadequacy more intense. 
These emotional reactions may undermine 
previous belief of being sexually adequate. 
Consequently it weighs on male minds with 
resultant mental instability and eventual erectile 
failure. Most men experience occasional psycho- 
logical erectile failure due to isolated episodes 
ascribed to fatigue or stress. Fatigue affects all at 
certain times and is a common cause of tempo- 
rary psychological erectile failure. However, 
once fatigue is reduced, normal sexuality is 
restored. 

If the man reacts to this occasional episode of 
erectile failure to become more anxious, it could 
aggravate anxiety. This may culminate in a domino 
effect ending in more anxiety and more failure, 
and eventually could lead to persistent perfor- 
mance anxiety and further worsening of self- 
esteem. The psychological stress of infertility has 
been shown to affect sperm parameters in signifi- 
cant and demonstrable ways that may further 
contribute to erectile problems as evidenced by 
studies showing association between depression 
and erectile dysfunction [6, 21]. 


Ejaculatory Dysfunctions 


Ejaculation is perhaps the most important sub- 
event in the erectile response of males. The nor- 
mal ejaculatory process requires coordination 
and integration of neurologic, physiologic, ana- 
tomic, and psychological events. Any breakdown 
in the coordination of these events can lead to 
ejaculatory problems. Abnormal ejaculation 
could manifest in various forms like premature 
ejaculation, retrograde ejaculation, delayed ejac- 
ulation, or anejaculation. Some of the ejaculatory 
problems could be ascribed to psychological 
stress (Fig. 10.2). 


146 


S.C. Basu 


Ejaculatory 
dysfunctions 


Premature 
ejaculation 


Retrograde 
ejaculation 


Fig. 10.2 Ejaculatory dysfunctions 


Premature Ejaculation 

Premature ejaculation (PE) is a common and 
distressing male sexual dysfunction. Several 
attempts made over the years to define PE 
by organizations like WHO (1994), American 
Psychiatric Association (2000), European 
Association of Urology (2001), and American 
Association of Urology (2004) have failed to 
achieve its holistic and unambiguous definition 
until that by the International Society of Sexual 
Medicine (ISSM) in 2009. WHO defined (1994) 
PE as an inability to delay ejaculation sufficiently 
to enjoy lovemaking, which manifests as either 
occurrence of ejaculation before or very soon after 
the beginning of intercourse (within 15 sec of the 
beginning of intercourse) or occurrence of ejacula- 
tion in the absence of sufficient erection to make 
intercourse possible. The publication of multidi- 
mensional new classification Diagnostic and 
Statistical Manual of Mental Disorders or DSM-V 
is now awaited. Some researchers have character- 
ized PE as being psychogenic in origin, while 
others postulated “biogenic” causes. The propo- 
nents of psychogenic theory ascribe PE to anxiety. 
Some PE types are neurobiologically or medically 
determined [38—42]. 


Retrograde Ejaculation 

Retrograde ejaculation causing expulsion of 
semen into the urinary bladder during orgasm is 
certainly a rare phenomenon that often follows 
psychological or emotional stress. Probably the 


Delayed 


z : Anejaculation 
ejaculation 


underlying pathology could be ascribed to abnor- 
mal functioning of the sympathetic system cul- 
minating in closure of the posterior sphincter of 
the urethra during orgasm, thus pushing the 
semen into the urinary bladder. Frequently, it 
originates from the result of lesions, like post- 
prostatectomy, following pelvic operations; dia- 
betes mellitus; bilateral sympathectomy; local 
vascular disturbances; neurological diseases; and 
use of different sympatholytic drugs. But in some 
cases where no organic disease is detected, psy- 
chiatric investigations in some of these males 
have shown extreme animosity and aggressive- 
ness toward the spouse or mental unpreparedness 
for fatherhood. It is thus logical that in these 
cases emotional stress possibly precipitates mal- 
function in the sympathetic system leading to the 
closure of the posterior sphincter of the urethra 
during orgasm. 


Delayed Ejaculation 

Delayed ejaculation is characterized by an 
extended period of sexual stimulation for a man 
to reach sexual climax and ejaculate semen. 
Normally a man can achieve orgasm within 5 min 
of active thrusting during sexual intercourse. 
A man with delayed ejaculation either fails to 
have orgasm at all or achieves it only after pro- 
longed period of intercourse. Most cases of 
delayed ejaculation present with climaxing and 
ejaculating only during masturbation, but failing to 
ejaculate during normal sexual intercourse [43-45]. 
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Both retrograde and delayed ejaculations inter- 
fere with the propulsion of the spermatozoa along 
with the secretion from the seminal vesicles into 
the posterior urethra. Only examination of the split 
ejaculate for acid phosphatase and fructose can 
help in the diagnosis of this condition. It should 
be emphasized that these ejaculatory dysfunc- 
tions are not common. 

In some cases, significant differences are noted 
between semen analysis of specimens obtained by 
masturbation and after postcoital test. The extreme 
clinical manifestation of abnormal ejaculation was 
described as sham ejaculation by Palti [43] which 
perhaps can be described presently close to 
delayed ejaculation or retarded ejaculation. 

Palti described the clinical manifestation of 
sham ejaculation, where the affected males showed 
azoospermia in specimen obtained under extreme 
emotional stress. But the normal postcoital speci- 
men had near normal or normal semen analysis. 
This can be attributed to extreme stress causing 
reduced volume of seminal fluid constituting only 
the prostatic secretion with absence of spermato- 
zoa. Michael [46] reported that in these cases, there 
was a significant difference between semen analy- 
sis after masturbation and normal postcoital test 
with no spermatozoa found in postcoital specimen. 
It was postulated that this is perhaps the result of an 
abnormal response to the sympathetic stimulus tak- 
ing place in the seminal vesicles and ampulla of the 
vas deferens with resultant spastic contraction of 
the ejaculatory ducts. 


Anejaculation 

Ejaculatory dysfunction in men, who is unable to 
ejaculate at all, is described as anejaculation. 
Anejaculation is different from retrograde ejacu- 
lation where the semen with spermatozoa does 
not travel up to the bladder. It results from inabil- 
ity to ejaculate or persistent difficulty in achiev- 
ing orgasm despite the presence of normal sexual 
desire and sexual stimulation. 


Effects on Sperm Parameters 


Certainly stress can affect sperm production, but 
it is not consistent and does not follow a definite 
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pattern. Individual men handle stressors differ- 
ently and their system handles sperm production 
differently. The effects induced by stress seem to 
include meiotic and structural alterations in 
spermatozoa. 

Stress can negatively impact on the movement 
of spermatozoa and reduce their ability to reach 
the oocyte. Stress makes it difficult for the sperm 
to actually reach the ovum. A study of a group of 
225 infertile men demonstrated that stress was 
one of the factors that negatively correlated with 
semen parameters [47]. The study subjects, 80 % 
of which admitted to being in a stressful profes- 
sional or personal situation, were associated with 
abnormal morphology and reduced viability of 
their spermatozoa. This observation of adverse 
sperm parameters have been substantiated by 
Eskiocak et al. [48, 49] indicating that mental 
stress negatively affected semen quality probably 
due to injurious component of increased superox- 
ide dismutase (SOD) activities working on the 
reactive oxygen species (ROS). 

In 1,076 men of infertile couples, psychological 
factors, i.e., exposure to acute stress, coping with 
stress, the WHO Well-Being Index, and the 
Zung’s Anxiety Scale Inventory scores were 
assessed by a questionnaire at the time of semen 
analysis. Regression analyses indicated a signifi- 
cant positive relationship between sperm concen- 
tration and the WHO Well-Being Index score, 
each successive score number accounting for a 
7.3 % increase in sperm concentration [50]. 

Psychological stress interferes with the endo- 
crine and spermatogenetic function of male 
gonads [9]. Stress-induced hormonal changes 
depend on the severity and nature of the stressor, 
duration of exposure to the stressor, and the base- 
line condition of the body. Negro-Vilar [51] had 
suggested that the response to stress is not unique 
to the human race but also manifests in other ani- 
mals. Blanchard et al. [52] mentioned that chronic 
or severe stress in animals or humans was associ- 
ated with decrease in sperm count, motility, and 
morphology. Depression in infertile males is com- 
mon and is a contributory factor to cause decreased 
sperm concentration. In infertile couples, a higher 
frequency of male sexual disturbances expressed 
as erectile dysfunction, ejaculatory disorders, 
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loss of libido, and a decrease in the frequency 
of intercourse is observed. In men excess levels of 
cortisol, produced under stress, can affect the nor- 
mal functioning of the reproductive system. 
Chronic stress can impair testosterone and sperm 
production, and cause erectile problem. 

The forced timing of intercourse synchroniz- 
ing with the female’s ovulation period, as often 
advised for treating infertility, is associated with 
psychological pressure, and men may experience 
inadequate sexual satisfaction. The arduous 
nature of infertility treatment often compounds 
the stressful state of an infertile couple, and psy- 
chological stress in these patients tends to 
increase as treatment intensifies and the duration 
of treatment extends. 

It has also been observed that there is an inverse 
relationship between semen quality and psycho- 
logical stress in infertile subjects undergoing IVF 
[53-55]. Some authors observed that stressful situ- 
ations related to the diagnosis of subfertility or 
infertility can reduce the pleasure of sex [56]. This 
aspect has been reiterated by James Smith et al. 
[12] at the annual meeting of the AUA in 2008 
indicating that this type of psychological stress in 
a couple diagnosed with infertility often causes 
serious problems with partner relationship. 


Oligospermia and Teratospermia 
Oligospermia is generally considered to be the 
result of organic or biological defects during sper- 
matogenesis. Information in the medical literature 
related to the relationship of psychogenic stress 
and abnormal spermatogenesis is at best unclear, 
in contrast to the number of publications on female 
ovulation disorders and amenorrhea under a simi- 
lar psychological backdrop. Wolfram [57] and 
Perloff [58] indicated that emotional stress might 
lead to oligospermia. Steve [59] had shown that 
testicular biopsies on men awaiting sentence for 
rape showed complete spermatogenetic arrest, yet 
some of the raped women became pregnant, testi- 
fying the normal fertility potential in these accused 
men at the time of the crime. He hypothesized that 
anxiety and psychological tension was the caus- 
ative factor for this organic change. 

Zondek et al. [60] demonstrated the existence 
of two types of oligospermia—permanent and 
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periodic. The semen analysis of the latter group 
showed normal and abnormal sperm parameters 
alternately. The fact that improvement of sperm 
parameters sometimes occurred spontaneously or 
after the use of a placebo supports the theory of 
the role of psychological factors in this condition. 
The effects of sperm parameters in psychological 
stress in 157 volunteers showed that the fecun- 
dity of men experiencing stress caused by family 
bereavement might be temporarily diminished. 
There is also a significant decline in semen qual- 
ity of male IVF patients during egg retrieval 
stages, thereby demonstrating an inverse rela- 
tionship between semen quality and specific 
aspects of psychological stress [54, 55]. 

Appropriate set of controls are often difficult to 
find in establishing the relationship between psy- 
chological stress and male infertility. Most of the 
investigations performed in the last two decades 
have not conclusively showed the precise cause 
and effect in terms of stress and infertility. There 
are instances where the psychological stress is the 
result and not the cause of infertility [61]. However, 
there is now growing evidence that stress always 
stands as an additional risk factor for infertility 
even if it is not the primary cause. It is obvious that 
once infertility and psychological stress coexist, 
they set up a cascading effect [15]. 

A review of literature on the psychological 
background of male infertility caused by gonadal 
problem reveals two possible hypotheses [62]. 
One group of articles explored the possibility that 
infertility may have psychological causes (psy- 
chogenic hypothesis) and others examined the 
psychological consequences of infertility (psy- 
chological consequences hypothesis). The psy- 
chogenic hypothesis theory is now abandoned by 
most researchers. The majority of the studies 
rejected the theory of stress as a lone factor in the 
etiology of infertility. 


Homeostatic Changes 


Any alteration in the human behavioral pattern 
involves an underlying change in the biochemi- 
cal, hormonal, cellular, and molecular compo- 
nents in the homeostasis (Table 10.4). 
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Table 10.4 Homeostatic changes at biochemical, hormonal 

neurotransmitter, cellular, or molecular levels 

1. Biochemical changes—involving L-arginine-NO 
pathway and oxidative stress on sperms and erectile 
function 


2. Hormonal changes—in hormones involved in HPA 
axis and HPT axis 


3. Neurotransmitter changes 
4. Cellular or molecular changes 


Biochemical Changes 


While investigating the association between 
psychological stress and semen quality, many 
studies ignored the biochemical changes accom- 
panying the effect of stress on the L-arginine-NO 
pathway. The highly reactive free radical NO is 
synthesized from L-arginine by the isoenzyme 
nitric oxide synthase (NOS) present in the male 
reproductive system. Immunohistopathological 
studies have demonstrated the presence and local- 
ization of NOS throughout the male genitourinary 
tract, especially in the forms of eNOS in the vascu- 
lar endothelium and nNOS in the neurons. 

NO is of critical importance in the physiology 
of erection by causing relaxation of the vascular 
and corporal smooth muscle cells of the penile 
arteries and trabeculae. NO is thought to act cen- 
trally in the medial preoptic area and the paraven- 
tricular nucleus to modulate sexual behavior, thus 
exerting effects on the penis. Adequate levels of 
testosterone from the testes and proper function- 
ing of the pituitary gland are essential for the 
development of a healthy erectile system. 

NO has dual and contrary roles depending on 
its concentration. Under normal physiological 
conditions in a no-stress situation the NO con- 
centration is low. It then plays an important and 
beneficial role in normal sperm production and 
motility by neutralizing free radicals and thereby 
prevents the reduction of sperm motility medi- 
ated by ROS [63-65]. On the contrary, higher NO 
concentration under stressful condition has detri- 
mental and cytotoxic effects on the spermatozoa 
as evidenced by negative correlation with con- 
centration, motility index, and percentage of 
rapid progressive motility of spermatozoa [66]. 
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Table 10.5 L-Arginine—NO pathway and its implication 
in stress on sperm parameters 


1. L-Arginine is acted upon by NO synthase to 
produce NO 


2. Arginase regulates the activity of NOS. Lower 
arginase activity is associated with poor sperm 
parameter 


3. NO level under nonstress condition is relatively 
low—so it can exert beneficial effect on sperm 
parameters. This effect is helped by NOS inhibitors. 
Low NO level and NOS inhibitors also play down 
the ROS activity, thus helping in maintaining 
normal sperm parameters 


4. NO level shows higher value under stress. This has 
a negative effect on sperm parameters by 
aggravating ROS activities 

5. A negative correlation between seminal plasma NO 
level and arginase activity during stress indicates its 
role in the L-arginine-NO pathway 


6. The L-arginine—NO pathway, together with arginase 
and NOS, has thus a role in changing the semen 
quality under stress 


The arginine-depleting enzyme, arginase, 
plays an important part in the cellular regulatory 
system affecting NOS activity. NOS inhibitors 
inhibit the formation of excess NO and prevent 
the reduction of sperm motility as well as their 
survival. It was also postulated that arginase may 
be inhibited by the end products of NO. Elgun 
et al. [67] have shown that spermatozoa from 
infertile men with oligospermia have a signifi- 
cantly higher arginase activity than controls. 
They reported a positive correlation between 
sperm motility and arginase activity in the infer- 
tile group in both seminal plasma and spermato- 
zoa. L-Arginase—NO pathways and its implications 
in stress and on sperm parameters are summarized 
in Table 10.5 and Fig. 10.3. 

In a similar study, Eskiocak et al. [48] assessed 
the semen parameters (motility, motility index, 
and abnormal morphology of spermatozoa), state 
anxiety scores, NO levels, and arginase activities 
of seminal plasma during the stress and nonstress 
periods in 29 healthy volunteer medical students 
with a gap of 3 months between the two sets of 
observation. This particular period of interval was 
specifically chosen to correspond approximately 
to the 74-day duration of human spermatogenesis 
and the sperm transit time (WHO-1993). 
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Fig. 10.3 Effects of NO level on ROS and sperm motility. NO nitric oxide, NOS nitric oxide synthase, ROS reactive 


oxygen species 


Table 10.6 Relationship of seminal arginase and NO 
levels with sperm motility in stress and nonstress periods 


Stress period Nonstress period 


Seminal plasma Low High 
arginase level 

NO level High Low 

Sperm motility Poor Progressive 


Psychological stress was measured by the widely 
used State Anxiety Inventory for assessing state 
or acute anxiety [68]. 

Eskiocak et al. [48] found that seminal plasma 
arginase levels were lower, while seminal plasma NO 
levels were higher during the stress period when 
compared to the nonstress situation. In addition, 
Eskiocak et al. [48, 49] investigated the values of 
antioxidant enzymes like SOD and catalase under 
stress and nonstress conditions. 

During the nonstress period, there was a posi- 
tive correlation between seminal plasma NO and 
progressive motility and motility index of sper- 
matozoa. Relationship of seminal plasma argi- 
nase and NO levels in relation to the sperm 
motility in stress and nonstress periods is shown 
in Table 10.6. The L-arginine-NO pathway, 
together with arginase and NOS, is thus consid- 
ered to be involved in semen quality under stress 
conditions. 

The motility of spermatozoa is maintained by 
high levels of adenosine triphosphate (ATP). 
NO can reduce ATP levels in cells by inhibiting 


glycolysis and the electron transport chain. 
Excessive NO also contributes to the formation 
of ahighly toxic anion peroxynitrite. Peroxynitrite 
reacts rapidly with proteins, lipids, and DNA and 
thus acts as destroyer of spermatozoa [48, 69]. 
Subsequent to ATP depletion and lipid peroxidation 
of the sperm membrane, motility of spermatozoa 
is compromised. 


Hormonal Changes 


Recent research, focusing on hormonal indicators 
of psychosocial stress, has helped in unraveling 
knowledge of the pathophysiology of neuroendo- 
crinology for an in-depth assessment of the role of 
stress in infertility. Any stress, like psychological 
stress, leads to disturbance of internal homeostasis 
with resultant changes in the hormonal milieu. 
Essentially, these changes in the hormone profile 
are protective mechanisms to help deal with the 
stress. Depression, a prominent reaction to chronic 
psychological stress, also leads to an impaired reg- 
ulation of stress hormones like cortisol (mainly) 
and norepinephrine (to some extent). The hormonal 
response to stress is directly proportional to the 
intensity of the stressor stimulus but varies to a 
great extent according to the individual man’s 
perception of the stressful event [70]. 

The central nervous system (brain and spinal 
cord) plays a crucial role in the body’s stress-related 
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Fig. 10.4 HPA and HPT axes. HPA (hypothalamus-pituitary— 
adrenal) axis. Corticotrophin-releasing hormone (CRH) 
from hypothalamus acts on the anterior pituitary to release 
adrenocorticotrophic hormone (ACTH), which acts on the 
adrenal cortex to release cortisol. HPT (hypothalamus— 


mechanisms [71]. The paraventricular nucleus of 
the hypothalamus is responsible for the inte- 
grated response to stress. Besides the pituitary 
and the adrenal, other parts of the CNS like cau- 
dal nuclei, rostral raphe nuclei, and locus coeru- 
leus in the pons, hippocampus, and amygdala 
take active roles in the biochemical event. The 
spinal cord performs the critical role in transfer- 
ring neural impulses from the brain to the other 
parts of the body. The main components of the 
stress system are the corticotrophin-releasing 
hormone (CRH) and locus ceruleus—norepinephrine 
(LC/NE) autonomic systems and their peripheral 
effectors, the pituitary—adrenal axis and the limbs 
of the autonomic system [72]. 

The biological interaction between stress and 
infertility is the result of the activation of the 
hypothalamus-—pituitary—adrenal (HPA) axis to 
set in motion a complex neuroendocrine 
response. Chronic stress of psychological origin 
is capable of summoning into action various hor- 
mones and cytokines to inhibit the hypothalamic— 
pituitary—testicular (HPT) axis at various levels 
with resultant disruption of the reproductive 
function [73]. The HPA axis constitutes CRH, 
ACTH (adrenocorticotrophic hormone), and cortisol. 
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pituitary—testis) axis. Hypothalamus releases GnRH, 
which acts on the anterior pituitary to release FSH and 
LH. FSH gets bound to the receptors on Sertoli cells to 
regulate spermatogenesis and LH to the receptors on 
Leydig cells to produce testosterone 


The HPT axis is comprised of GnRH 
(gonadotrophin-releasing hormone), FSH (folli- 
cle-stimulating hormone), LH (luteinizing hor- 
mone), PRL (prolactin), and testosterone. HPA 
and HPT axes are shown in Fig. 10.4. 

The effects of stress on reproduction appear to 
result from multilevel interactions between the 
hormonal stress response and the hormonal 
reproductive system represented respectively by 
the HPA axis and the HPT axis. The hypothala- 
mus stimulated by the stressor inputs secretes 
CRH that are transported to the pituitary through 
the hypophyseal portal system to initiate the 
secretion of ACTH. The pituitary in turn stimu- 
lates the adrenal glands to release cortisol. ACTH 
activates the HPA axis and increases the secretion 
of cortisol from the adrenal, which is responsible 
for a number of changes in the body’s metabo- 
lism. Cortisol is the most important human 
glucocorticoid. 

The stress reaction initially induces activation 
of the adrenergic system, changes in mental setup, 
and eventually changes in the functioning of vari- 
ous endocrine glands as well as immune systems. 
Observations in humans with a background 
knowledge on animal studies unveil intricate 
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mechanism of secretion of gonadotrophin hor- 
mones mainly though CRH and opioids (beta- 
endorphins). CRH increases the secretion of 
neuropeptides like ACTH, antidiuretic hormone 
(ADH), vasoactive intestinal peptide (VIP), and 
beta-endorphins. 

CRH also plays an important role in inhibiting 
GnRH secretion during stress, while through soma- 
tostatin, it also inhibits GH (growth hormone), 
TRH (thyrotropin-releasing hormone produced by 
the hypothalamus in medial neurons of the para- 
ventricular nucleus), and thyroid-stimulating hor- 
mone (TSH) secretions. As a result, there is 
suppression of reproductive, growth, and thyroid 
functions [71]. CRH inhibits the function of neu- 
rons that release GnRH directly and indirectly 
through stimulation of the secretion of beta-endorphins. 
Stress also inhibits TSH through the action of 
glucocorticoids on the central nervous system [74], 
causing its decreased production of TSH and also 
suppressing peripheral conversion of thyroxin to 
triiodothyronine. The testicular function may 
also be modified by prolactin, interferon-g, TNFa 
(tumor necrosis factor-alpha), and NK (natural 
killer) cells [75, 76]. 

Reduction in semen quality with the underlying 
mechanism is considered to be related to central 
impairment of the gonadotrophin drive in psycho- 
logical stress [9].In men excess levels of cortisol 
produced under stress can affect the normal func- 
tioning of the reproductive system with hormones 
like gonadotrophin and prolactin coming into play. 
Chronically elevated cortisol level is a factor of 
particular importance for the function of male 
gonads. Elevated cortisol level centrally acts to 
inhibit the GnRH by interrupting the intensity of 
the pulsatile release of pituitary gonadotropins. 
This may cause hypoandrogenemia [77] as the 
secretions of FSH, LH, and testosterone are nega- 
tively interfered with. This action at times could 
lead to disruption of spermatogenesis of varying 
severity, including spermatogenetic arrest. Stress- 
induced gonadal dysfunction is not restricted to 
humans, but is observed in all higher animals. 
However, recent prospective studies have linked a 
period of psychological stress with reduction in 
sperm quality to an increase in seminal plasma 
ROS generation and a reduction in antioxidant 
protection [48, 49, 77]. 
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Chronic stress might impair testosterone. 
However, while Swedish authors found a decrease 
in total testosterone levels during periods of greater 
mental stress in men, a Danish study contradicted 
these observations. These results indicate to some 
possible ambiguity in the relationship between 
psychological stress and endocrine gonadal func- 
tion. Incidentally, another Danish study by Hjollund 
et al. ruled out any demonstrable effect on the 
reproductive function of men from normal stress 
encountered in jobs [10, 78-81]. 


Neurotransmitter Changes 


Besides these hormonal interactions, there are 
simultaneous complementary biochemical events 
that are enacted by a number of neurotransmitters 
in chronic psychological stress. All neurotransmit- 
ters perform very significant roles in the stress 
situation. Various stressors induce changes in the 
secretion of neurotransmitters like somatostatin, 
neuropeptide Y, catecholamines, adrenal steroids 
(adrenalin, noradrenalin, and dopamine), beta- 
endorphins, and serotonin. Endogenous opioids 
released in the brain in response to these same 
stressors could be participating in the impairment. 

Stimulation of the HPA axis is associated with 
release of catecholamines. Norepinephrine serves 
as the primary chemical messenger of the central 
nervous system’s sympathetic component. 
Transmission of the neurotransmitter serotonin 
from the caudal nuclei and rostral raphe nuclei is 
reduced in patients with depression compared to 
nondepressed controls [70, 82]. 

Neuropeptide Y is an important regulator of 
stress reactions through stimulation of neurons 
that produce CRH, and at the same time, it sup- 
presses the sympathetic system at the central 
level. During depression, CRH inhibits the func- 
tion of neurons responsible for the secretion of 
GnRH directly and indirectly by stimulation of 
the secretion of beta-endorphins. The increased 
secretion of beta-endorphins leads to increased 
secretion of prolactin (PRL) and somatostatin and 
to decreased secretion of growth hormone (GH). 
Catecholamines may also inhibit testosterone 
synthesis at the intratesticular site through auto- 
and paracrine mechanisms [77]. 
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Kirby et al. have postulated a novel negative 
regulator of the HPT axis discovered in quail and 
termed it gonadotrophin inhibitory hormone 
(GnIH). Furthermore, in primates and rodents, 
RFamide-related peptides (RFRPs) have been 
discovered. Only future research would deter- 
mine whether stress-related GnIH/RFRP’s influ- 
ence on HPT axis will usher in a new concept in 
stress-related reproductive dysfunction and infer- 
tility [83]. 

Enzymes like SOD and catalase, found in high 
concentrations in the seminal fluid, play signifi- 
cant roles as oxidant scavengers or enzymatic 
antioxidants. These enzymatic antioxidants inac- 
tivate the superoxide anion and peroxide (H203) 
radicals by converting them into water and oxy- 
gen. During the period of stress, SOD activities 
increase significantly compared to the nonstress 
period, but there is no change in catalase activi- 
ties [48, 84]. 


Cellular or Molecular Changes 


Currently, psychological distress has attracted 
attention with regard to its significant negative 
effects in various pathological conditions. Many 
studies on animal models have demonstrated that 
psychological stress produces oxidative stress 
and increased levels of peroxynitrite. However, 
the pathological process in a stress-induced oxi- 
dative damage is very complicated, so are its 
resultant effects on the hormonal balance, neu- 
rotransmitters, and antioxidants. 

Under certain stressed states including that 
caused by psychological stress, there is a modu- 
lation of physiological antioxidant defense mech- 
anisms. Michael J. Forlenza, in his thesis, related 
to the relationship between psychological stress 
and oxidative stress from the University of 
Pittsburgh in 2002, has cited six studies—three 
on rats and the other three with humans that have 
directly examined the contribution of stress on 
oxidative damage of DNA. It could be justifiably 
argued by extrapolating these results in drawing 
conclusions that psychological stress induces 
oxidative stress with its consequent effects on 
spermatozoa. Irie and colleagues have conducted 
two studies specifically designed to examine the 
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relationship of psychological factors to oxidative 
DNA damage [85-90]. 

The oxidative stress results from imbalances 
between ROS and the body’s antioxidants. It sig- 
nificantly impairs sperm functions and plays a 
major role in the etiology of male infertility. 
There are potential harmful effects of high levels 
of ROS on count, motility, quality, and function 
of spermatozoa as well as on the sperm nuclear 
DNA. High levels of ROS is now thought to be 
involved in these abnormal changes through lipid 
peroxidation, altered membrane function, and 
impaired metabolism. Many studies have demon- 
strated an association of lipid peroxidation with 
mid-piece abnormality, decreased sperm count 
and motility, and loss of capacity of the sperma- 
tozoa to undergo the acrosome reaction, thereby 
reducing the chance of fertilization [91, 92]. 


Modulating Factors 
for Psychological Stress 


The modulating factors of psychological stress 
involving male infertility are controversial. Often 
the factors that modify psychological stress could 
also serve as causative agents. The list of these 
factors modifying the course of stress reactions in 
men is virtually unlimited. Race, age, marital sta- 
tus, siblings, educational background, income 
groups, social environment, and religious back- 
ground all seem to play their roles. 

It is believed that men are perhaps less suscep- 
tible to psychological stress than women. A less 
pronounced tendency to depression and a limited 
susceptibility to disruption of interpersonal rela- 
tions are thought to contribute to this phenomenon. 
Married men report psychological stress less fre- 
quently than their unmarried counterparts. Men 
with higher educational background and belong- 
ing to higher-income groups are able to deal with 
psychological stress better [93, 94]. European 
males are reported to have a more serious percep- 
tion of psychological stress that leads to a greater 
degree of sufferance in comparison to Asians. It 
has also been shown that the quantitative psycho- 
logical impact is related to the mutual or reciprocal 
interaction between the stressor and the coping 
mechanisms of the individual couple [95—98]. 
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Additional psychological disorders like 
substance abuse, alcohol addiction, and mood 
disorders are not uncommon in infertile men with 
all their attendant deleterious effects. Perhaps 
these psychologically stressed men find solace in 
escaping from their depressed state by indulging 
in these addictions. Chronic alcohol consumption 
has a detrimental effect on the male reproductive 
system and affects reproductive organs directly 
or indirectly. Smoking likewise has been incrimi- 
nated for ushering in injurious effects on sperms 
and erectile tissue. 

Avicenna, a physician from Bukhara (now in 
Uzbekistan) in his famous book The Canon of 
Medicine, first described the relationship 
between obesity and infertility. It took nearly 
900 years before the subject found some ratio- 
nal explanations with current studies revealing 
the detrimental effect of obesity on infertility. 
The prevalence of depression among infertile 
men is estimated at 5-15 %. The negative emo- 
tions of depression are frequently compensated 
by compulsive overeating in men with infertil- 
ity. Particularly during times of high stress, one 
tends to eat in an attempt to fulfill emotional 
needs—sometimes referred to as stress or emo- 
tional eating [50, 99, 100]. 

The brain is supposed to play the central role 
in the activation of stress-induced food intake. 
The situation is also compounded by the release 
of serotonin that increases the carbohydrate con- 
sumption and discourages physical activities to 
burn calories. Moreover, depression-related 
stress increases HPA axis activity, leading to 
excessive cortisol level that stimulates adiposity 
[101-103]. Obesity in itself can cause low testos- 
terone level due to peripheral aromatization with 
its attendant adverse effect on sexual function. 
Depression, obesity, and infertility could coexist 
in males with psychological stress, and in combi- 
nation they naturally aggravate the infertile state. 

Many health problems are related to lifestyle 
factors. The increasing trend in reproductive dis- 
orders observed in recent years may be associ- 
ated at least in part with these factors often 
compounded by some of the new emergent sed- 
entary lifestyles [104]. 
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Treatment 


The treatment of psychological stress-related 
diseases unlike their organic counterparts 
assumes different perspectives as the target is 
metaphysical without any specific organ to aim 
at. Only a very few medical personnel or psy- 
chologists are trained and experienced enough to 
deal with the complex phenomenon of psycho- 
logical stress in infertility. Its effective manage- 
ment involves identifying and managing both 
acute and chronic stress. 

Counseling is perhaps singularly the most 
important step in formulating the treatment of 
psychological stress to help infertile people 
[105]. Regardless of which partner is the offender, 
infertility remains a conjugal problem casting its 
shadow on both partners. Consequently, treat- 
ment of psychological stress-related infertility 
must have the participation of both partners. 
Since difficult partner communication is a sig- 
nificant predictor of psychological stress in men, 
infertility counseling is often an effective remedy 
[106, 107]. 

Psychological and behavioral therapy histori- 
cally has a significant role in the management of 
PE. A number of drugs like tricyclic antidepres- 
sants (clomipramine), and serotonergic (selective 
serotonin reuptake inhibitors or SSRI) agents like 
paroxetine, sertraline, etc., have shown varying 
degrees of success. New drugs like dapoxetine, 
prilocaine—lidocaine cream, and aerosol spray 
show promising results in PE. Various antioxi- 
dants and anxiolytic agent as subsidiary mea- 
sures to allay anxiety have beneficial effects in all 
forms of psychological stress [84]. 

However, SSRI medicines are known to induce 
sexual dysfunctions like decreased libido, erectile 
dysfunction, delayed ejaculation, or anorgasmia. 
They also have a negative impact on spermatogen- 
esis by inducing DNA fragmentation with resultant 
changes in motility and concentration [108-111]. 
The side effects of SSRIs have a reported incidence 
of 55 % in men according to a questionnaire on 
sexual dysfunction. Incidentally, a small study 
has claimed reversal of SSRI-induced sexual 
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dysfunctions using a biennial plant extract of 
Lepidium meyenii or maca [112]. 

SSRI medicines enhance extracellular levels of 
the neurotransmitter serotonin (5-hydroxytrypt- 
amine or 5-HT) through inhibition of its reuptake 
into presynaptic the cells. This increases its level 
in the synaptic cleft available to bind to the post- 
synaptic 5-HT, and 5-HT; receptors in the spinal 
cord. Consequently, serotonin remains in the syn- 
aptic gap for a longer period and continually 
stimulates the receptors of the recipient cell. 
Increase in the extracellular concentrations of 
serotonin in the brain decreases dopamine and 
norepinephrine release from the substantia nigra 
which leads to sexual dysfunction in various 
forms [112-115]. At the same time slowing down 
of sexual stimulation by SSRI is rationally 
exploited to treat PE [116]. 


Conclusion 


Any stress induces a state of disturbed internal 
homeostasis, evoking multiple changes in the 
body. Human psychological stress response is 
variable depending on the personality, physical, 
or mental state that is perhaps genetically deter- 
mined in any individual [117]. Accordingly, the 
response to infertility differs with individual situ- 
ations, emotional strength, coping methods, race, 
and religious belief. It is also important to know 
that individuals going through treatment for 
infertility can often suffer from psychological 
stress. The level of his stress tends to increase as 
treatment intensifies if its duration extends. 

The relationship of psychological stress and 
infertility is a very difficult field to study. In real 
life, compared with other stresses such as illness, 
family problems, or unemployment, infertility 
possibly plays a less significant role. Infertility 
acts as a chronic stressor for both male and 
female partners. No doubt some males perform 
better under these stressful conditions. But one 
needs to consider factors like innate personality, 
coping style of stress, degree of stress, and the 
support systems in the social environment from 
the family and friends. 
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Any stress including psychological stress can 
lead to infertility, while infertility leads to stress 
culminating in a perpetuating cycle. However, 
whether stress causes infertility or infertility 
causes stress is still debated. The majority of the 
studies rejected the theory of psychological stress 
as a lone factor in the overall etiology of infertil- 
ity, but it certainly acts as an additional risk factor 
for infertility. 

Psychological stress leads to changes in the 
homeostasis involving various hormones, bio- 
chemical status including that of neurotransmit- 
ters at cellular and molecular levels. The 
biochemical changes revolved around L-arginine, 
NO, NOS, arginine-depleting enzyme, and argi- 
nase to influence the sperm parameters in stress 
and nonstress period. It also leads to the activa- 
tion of the HPA and HPT axes to initiate complex 
neuroendocrine response culminating in disorder 
of the reproductive function with possible oxida- 
tive damage at the cellular level of the spermato- 
zoa. Oxidative stress significantly impairs sperm 
function. 

Counseling and behavioral therapy unquestion- 
ably are very important in the management. 
Judicious use of tricyclic antidepressants and SSRI 
agents could add to efficient management of some 
of the dysfunctions like PE, notwithstanding some 
of the specific side effects of SSRI medicines. 
Various antioxidants and anxiolytic agents also 
could be added as subsidiary measures in all forms 
of psychological stress. However, there is a lack of 
trained and experienced medical personnel or psy- 
chologists trained and experienced to deal with the 
complexities of psychological stress in infertility. 

Infertility not only has psychological conse- 
quences affecting the couple but also has a soci- 
etal impact. According to human psychosomatic 
tenets, every somatic problem has its emotional 
side. In general, the psychological stress in an 
infertile male has come into the limelight in only 
the last two decades. The societal construction of 
infertility and roles of both partners needs to be 
given adequate importance in formulating treat- 
ment. Counseling, an important method in treat- 
ment, needs participation of both partners for its 
effectiveness. 
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Quite a few workers endeavored to establish 
the relationships between psychological stress 
and male infertility in the last two decades. Yet any 
unanimous conclusion in this field still remains 
elusive with many gray areas until carefully 
designed and conducted longitudinal studies are 
undertaken. 
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Introduction 


Cell phones, laptops, and microwave ovens have 
become integral components of modern life. 
These devices use microwaves, a type of electro- 
magnetic wave (EMW) which can be used to 
transfer information and also to create heat. The 
potential effect of EMW radiation on male fertil- 
ity is controversial and unclear. A possible asso- 
ciation with EMW radiation and male infertility 
may prove most important in subfertile men 
using laptop computers placed in their laps, in 
men with cell phone use and storage on either the 
hip or in a pants pocket, and in men standing in 
close proximity to active microwave ovens. 
Current literature on EMW radiation exposure 
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and male reproduction remains controversial, 
with mixed data from human and animal studies. 
The potential mechanism of action in biological 
tissues is poorly understood and the safety of 
EMWs remains unclear. This chapter will review 
the current literature on cell phone, laptop com- 
puter, and microwave oven EMW radiation 
effects on the male reproductive system. The 
potential effects of these technologies may prove 
to be an important public health issue and poten- 
tial cause of unexplained male infertility. 


Objective/Aims of Chapter 


This chapter will focus on microwaves, a type of 
nonionizing radiation, which includes frequen- 
cies used for cell phones, laptop computers, and 
microwave ovens. The authors will briefly review 
the biological effects and potential mechanisms 
of human EMW exposure. The authors will then 
review the specific literature related to the effects 
of EMW radiation from cell phones, laptops, and 
microwave ovens on the male reproductive sys- 
tem. This chapter will emphasize the negative 
health effects secondary to cell phone radiation, 
since a majority of current EMW literature 
related to male reproductive health has been per- 
formed using cell phone technology. Topics will 
also include a review of laptop computer and 
microwave oven literature. Conventional micro- 
wave ovens use a frequency of 2.45 GHz and 
studies at that frequency will be reviewed as 
microwave oven literature. 
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General Biological Effects 
of Electromagnetic Waves: Thermal 
and Nonthermal 


EMW radiation can be absorbed when it interacts 
with matter, transferring wave energy into a given 
medium. This absorption process is divided into 
multiple categories corresponding to different 
modes of molecular energy storage including 
thermal and vibrational modes. The thermal 
mode of energy storage can give off heat by 
encouraging translational and vibrational move- 
ment of atoms in their respective media [1]. The 
amount of energy from radiation that a tissue will 
absorb depends primarily on the frequency of 
exposure but also on the intensity of the beam 
and duration of exposure. The rate of change of 
the energy transferred to the material is called the 
absorbed power or the specific absorption rate 
(SAR), which is expressed in watts per kilogram 
(W/kg). An increased SAR correlates with 
increased tissue radiation absorption, which can 
be expressed as heated tissue. 

The biological effects of nonionizing EMW 
radiation remain controversial. It is unclear if 
harmful biological changes can occur in human 
tissues in the absence of demonstrable thermal 
effects. Nonthermal effects occur through mech- 
anisms excluding macroscopic heating [1]. This 
chapter will use the terms thermal and nonther- 
mal to delineate biological effects with and with- 
out heat. 


Possible Mechanisms of EMW 
Effects on Male Reproduction 


The overall mechanism of EMW effects in the 
male reproductive system remains unknown, 
with many potential mechanisms of action. These 
range from alterations at a tissue level (including 
the blood-testis barrier (BTB)) down to a subcel- 
lular level. Current literature lacks the detailed 
and exhaustive mechanistic studies of EMW 
effects within the male reproductive axis neces- 
sary to accurately elucidate potential mechanisms 
of action in male reproductive biology. 
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Thermal Effects 


There are few studies on the thermal effects of 
EMWs on male reproductive biology. Yan and 
colleagues measured the surface and core body 
temperature of rats exposed to cell phone EMWs 
by placing cell phones 1 cm from each animal 
and probes near their faces and recta. There was 
no difference in temperature between face and 
rectal probes [2]. Conversely, Dasdag and col- 
leagues found an increase in rectal temperature 
of rats exposed to phones in talk mode [3]. It is 
unclear if these animals were stressed secondary 
to audible sound through the phones relative to 
controls. This study lacked comparison of rectal 
temperature relative to the remainder of the body 
(e.g., face). The authors repeated the study later 
and did not find an association of increased rectal 
temperature with EMW exposure [4]. Thus, the 
potential role of thermal effects secondary to cell 
phone radiation remains undefined. 

The United States Federal Communications 
Commission requires wireless phones to have an 
SAR <1.6 W/kg [5]. Mobile phones are typically 
well below these thresholds. Adverse heating 
effects occur with an SAR>4 W/kg; thus, it is 
unlikely that modern cell phones will have a ther- 
mal effect secondary to EMW radiation [6]. 


Nonthermal Effects 


Cell Membrane Injury and the Role 

of Calcium lons and Protein Kinase C 

Injury to the cell membrane may play a role in 
the mechanism of EMW-induced cell injury. 
Excitation of the cell membrane and subsequent 
formation of large aqueous pores within the mem- 
brane is known as electroporation. This coupled 
with destabilization of the negatively charged 
plasma membrane and secondary intracellular 
effects has been implicated in in vitro nerve cell 
studies [7, 8]. The potentially leaky and unstable 
plasma membrane may develop subsequent loss of 
intracellular molecules and ions, including cal- 
cium, a known regulator of sperm capacitation and of 
the acrosome reaction [9, 10]. Calcium plays a criti- 
cal role in intracellular signal transduction pathways. 
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Increased calcium efflux may lead to altered intra- 
cellular spermatic metabolism. 

Calcium ions also regulate protein kinase C 
(PKC), a regulatory enzyme implicated in a wide 
range of cellular processes, including cell prolif- 
eration, malignancy, and apoptosis [10-12]. 
PKC, found in sperm flagella, is thought to regu- 
late sperm motility [13], with multiple studies 
associating EMW exposure with decreased 
motility [2, 14-19]. 

Kesari and colleagues [20] found alterations 
in semen PKC levels, decreased sperm motility, 
and increased apoptosis in rats exposed to cell 
phone-emitted EMWs. Given PKC regulates 
apoptosis and other important cellular functions, 
alterations may lead to many negative effects in 
spermatic homeostasis. Since sperm also rely on 
calcium entry for multiple physiologic functions, 
including sperm motility, intracellular calcium 
changes along with alterations in PKC function 
may explain some of the effects of EMWs on the 
male reproductive system. 


Blood-Testis-Barrier Compromise 
Recent studies of EMW radiation have revealed 
the disrupting effects of EMWs on the integrity 
of the BTB. The BTB forms tight junctions 
between Sertoli cells, separating blood and 
lymph vessels from seminiferous tubules. The 
BTB is immune privileged, protecting the male 
germ cell line from recognition by the body’s 
immune system, while protecting the testis from 
gonadotoxins within the circulatory system. 

There are few studies investigating EMW radi- 
ation-induced alteration of the BTB and potential 
testicular damage, but all of these studies use elec- 
trical field intensity levels which are higher than 
those generated by cell phone, laptop, and micro- 
wave use. Wang and colleagues exposed mice to 
electric field intensities at 200 and 400 kV/m and 
found morphological changes to Sertoli cells at 
both intensities, respectively [21]. Another study 
used Evans Blue and lanthanum nitrate tracers to 
investigate BTB alterations in EMW exposure at 
200 kV/m and found increased tracer penetration 
across the BTB with EMW exposure [22]. 

A recent study by Hou and colleagues investi- 
gated the effect of electromagnetic pulse irradia- 
tion at 400 kV/m and noted structural damage to 
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the BTB with increased permeability and many 
luminal apoptotic spermatogenic cells [23]. 
Messenger RNA and protein expression levels of 
occludin, an integral membrane tight junction 
protein, were significantly decreased. The BTB 
structure and occludin expression levels showed 
gradual recovery by 28 days post exposure. 

Due to the paucity of EMW radiation and 
BTB studies, research of the blood-brain barrier 
(BBB) may help clarify the interaction between 
the BTB and EMW radiation exposure. The BBB 
is formed mainly by tight junctions between 
small capillaries, supported by pericytes. 
Conversely, the BTB is mainly constituted of 
specialized junctions between adjacent Sertoli 
cells near the basement membrane of the semi- 
niferous tubule epithelium [24, 25]. BTB micro- 
vasculature may also play a role in barrier 
function similar to the BBB, as a common anti- 
gen to both blood-tissue barriers has been found 
along BTB microvessels [25]. Thus, these blood- 
tissue barriers may have similar responses to 
stress and the development of barrier compro- 
mise. Animal and in vitro studies on the effect of 
EMWs on the BBB have had mixed results, with 
some studies showing alteration of the BBB and 
secondary neuropathologic changes [26-28] 
while others did not show an effect [29-34]. 

Although the aforementioned BTB studies 
were performed at high electrical fields, the 
effects of EMW radiation at lower electrical 
fields generated by common devices remain 
unknown and may detrimentally affect male 
reproductive biology. Ultimately, further studies 
are needed to elucidate the role of potential BTB 
compromise after EMW exposure. 


Cellular Stress 

EMW radiation may induce cellular signal trans- 
duction changes and subsequent differential gene 
and protein expression [35]. Mobile phone radia- 
tion has been shown to activate cellular stress 
responses, with changes to p38MAPK. Functional 
alteration of this mitogen-activated protein kinase 
[35] may lead to subsequent downstream activa- 
tion of stress proteins. This includes heat shock 
protein 27 (hsp27), a ubiquitously expressed sig- 
naling protein in human cells. Hsp27 phosphory- 
lation leads to increased apoptosis and potential 
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increase in BBB permeability [35]. This same 
increased permeability may occur in the BTB, 
potentially endangering the male germ cell line. 
Nevertheless, there are a number of studies which 
have also shown no clear effect on gene and pro- 
tein expression secondary to EMW exposure [36, 
37]. Thus, it remains unclear if EMW radiation 
alters intracellular signal transduction pathways. 


Oxidative Stress 

Oxidative stress occurs when the concentration 
of sperm reactive oxygen species exceeds total 
antioxidant capacity. Spermatozoa have a high 
concentration of plasma membrane polyunsatu- 
rated fatty acids which are necessary for many 
male spermatic functions but also play a role in 
the production of ROS [37]. Potential polyunsat- 
urated fatty acid production of ROS in the limited 
volume of spermatic cytoplasm and concentra- 
tion of cytosolic antioxidant enzymes may leave 
spermatozoa vulnerable to significant sperm 
damage secondary to excessive ROS [38, 39]. 
Men with unexplained infertility often present 
with significantly higher seminal ROS levels than 
healthy men [40, 41]. Studies have shown that 
increased oxidative stress may result from male 
reproductive exposure to cell phone radiation 
[15, 16, 18, 42]. This mechanism may include 
perturbation of the mitochondrial membrane 
potential (MMP). EMW-induced alteration of the 
MMP initiates negative effects within the elec- 
tron transport system and in oxidative phosphor- 
ylation, leading to oxidative stress and subsequent 
induction of apoptosis [43, 44]. This increase in 
oxidative stress after cell phone exposure may be 
mitigated by antioxidant treatment [45]. Further 
studies are required investigating sperm MMP, 
oxidative stress, and the effects of antioxidants. 


DNA Damage 

Sperm DNA damage is thought to occur by three 
mechanisms: DNA strand breaks, oxidative 
stress, and apoptosis [46]. Direct DNA fragmen- 
tation is thought to occur with EMW exposure 
[47], but it is important to note that DNA frag- 
mentation with EMW exposure may involve 
more than one mechanism [46]. EMW-induced 
clastogenic effects (or the ability to fracture chro- 
matin) have been shown in concert with DNA 
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fragmentation in cell phone-exposed rats [48]. 
Microwaves may also affect cell cycle regulatory 
enzymes, which may potentially lead to defective 
cell cycle progression and defective spermato- 
genesis [48]. 

Many studies have associated oxidative stress 
and DNA fragmentation in male infertility, with 
some studies revealing a reduction of DNA dam- 
age with antioxidant therapy [15, 40, 49-52]. 
Thus, there may be multiple mechanisms of DNA 
damage secondary to microwave radiation. Given 
the poor reproductive outcomes associated with 
increased DNA fragmentation, EMW radiation- 
induced DNA damage will require detailed and 
extensive studies to elucidate a potential mecha- 
nism of action [53, 54]. 


Cell Phones and Male Fertility 


With the advent of smart phones, mobile phone 
popularity and use have become widespread con- 
stants of modern day life. However, there are lim- 
ited studies investigating the effects of EMWs on 
male infertility. Cell phone frequencies in the 
USA range from 900 to 1,900 MHz (GSM) with 
some smart phones ranging up to 2.4 GHz. 
Current US FCC standards limit mobile phone 
radiation exposure to 1.6 W/kg [5]. 


How Cell Phones Work 


When a cell phone user speaks into a cell phone, 
sound waves from cell phone speakers go to a 
transmitter, which convert sound into a sine 
wave. The transmitter then sends a signal to the 
cell phone antenna (which sends the signal into 
space in all directions). The electric sine wave 
current running through the transmitter circuit 
also creates an electromagnetic field around it. As 
electric current moves back and forth, the electro- 
magnetic field continues to build and collapse, 
forming electromagnetic radiation. This radiation 
interacts with human tissue and may increase 
random molecular motion [55, 56]. 

Increased SAR may lead to increased 
thermal and nonthermal tissue effects with 
subsequent perturbation of cell function [57]. 
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Although SAR is determined at a cell phone’s 
maximum power level, the actual SAR value of an 
active cell phone may be lower [5, 58]. The SAR of 
a given human tissue depends on multiple factors 
such as exposed tissue characteristics (thickness, 
amount of fluid, etc.), proximity of the wireless 
device to the body while in use, the mode of usage 
of the device (talk versus standby mode), and the 
use of hands-free devices (e.g., Bluetooth) [57, 59]. 


Cell Phone Radiation and Biological 
Effects 


The mechanism of EMW effects in human tis- 
sues remains unclear. Currently, EMWs are 
thought to cause alteration of cell function [57, 
59] by initial cell membrane disruption due to 
passage of electrically shaking current formed 
from body absorption of EMWs. This cell mem- 
brane disruption may affect plasma membrane 
structures such as NADH oxidase and calcium 
channels [59], leading to a cascade of cell 
signaling changes in male reproductive tissues 
(Fig. 11.1). Other potential effects outside the 
reproductive system include endothelial dysfunc- 
tion, skin temperature changes, alterations in the 
BBB, immune system effects, and nervous sys- 
tem excitability defects [35, 57, 60-62]. Cell 
phones have been investigated in the central ner- 
vous system showing associations with changes 
in sleep and electroencephalograph patterns, 
headaches, fatigue, difficulty concentrating, and 
increased brain glucose metabolism [63-66]. 
Currently, epidemiological studies show an asso- 
ciation between cellular phones and increased 
risk for glioma, acoustic neuroma, and increased 
brain tumor mortality [67, 68]. 


Human Male Reproductive Studies 
on Cell Phone Effects 


Deleterious Effects on Human Semen 
Quality 

There is some evidence associating negative 
effects on semen analyses with EMW exposure. 
In an observational study by Agarwal and col- 
leagues, semen analyses of 361 men undergoing 
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infertility evaluation were performed, revealing a 
decrease in mean sperm motility, viability, and 
normal morphology, with increasing duration of 
reported cell phone usage [15]. A similar study 
performed by Wdowiak et al. examined the 
semen of men with no phone use, use for 1—2 
years, and use for over 2 years, without delinea- 
tion of daily duration of use. The authors found 
an exposure-dependent decrease in sperm motil- 
ity and normal morphology [69]. In these two 
studies, patients were neither asked about cell 
phone storage location (pants or shirt pocket ver- 
sus belt clip) nor type of usage (hands-free versus 
handheld). Although an observational study by 
Kilgallon and Simmons revealed a decrease in 
sperm concentration in men who carried their 
cell phone in their hip pocket or belt [70], it 
remains unclear if cell phone exposure is a risk 
factor for male infertility. 

Fejes and colleagues asked men visiting an 
academic center about cell phone use and habits 
and found a decrease in motility with increasing 
reported cell phone use [14]. Gutschi et al. later 
performed a retrospective study and found no dif- 
ference in sperm count and a decrease in mean 
morphology in male cell phone users compared 
to nonusers [71]. These studies are both limited 
by their design, since unreported or unknown 
confounders may obscure delineation of the 
effects of EMW radiation. 

Studies have been performed on neat semen 
samples with interesting results. Agarwal and 
colleagues divided semen samples into control 
and cell phone exposed aliquots. The exposed 
samples showed a decrease in sperm motility 
and viability when compared to unexposed ali- 
quots [16]. A similar study by Erogul and col- 
leagues also revealed a decrease in sperm 
motility [17]. De Iuliis et al. exposed purified 
human spermatozoa to cell phone radiation over- 
night with increasing SAR leading to decreased 
motility [18]. 

Falzone and colleagues later investigated the 
effects of cell phone exposure on purified semen 
samples as well, finding sperm head abnormalities 
and reduced sperm-zona binding, but no change 
in the acrosome reaction [72]. This may indicate 
a relationship between decreased fertilization 
potential and abnormal morphology with EMW 
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Fig. 11.1 Intracellular effects of cell phone radiation. 
Cell phone-emitted RF-EMWs can induce many potential 
subcellular changes. Calcium ion efflux coupled with 
plasma membrane injury and subsequent induction of 
ROS production may initiate an intracellular cascade of 
changes. ROS can negatively impact histone kinase, apop- 
tosis, as well as protein kinase c (PKC). Calcium ion con- 
centration is closely associated with PKC activity, which 
may be decreased after EMW exposure, leading to a 


exposure. By using purified sperm samples, both 
studies by Falzone and De Iuliis et al. fail to 
account for the effects of clothing, soft tissues and 
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potential decrease in sperm motility and increase in apop- 
tosis. Heat shock proteins (particularly hsp27) may also 
play a role in EMW-induced intracellular signaling 
changes including potentially negative effects on the 
blood-testis barrier and sperm motility. Ultimately, DNA 
damage can occur with EMW exposure, either via ROS or 
direct injury [10]. [Reprinted with permission, Cleveland 
Clinic Center for Medical Art & Photography © 2011- 
2013. All Rights Reserved] 


of other semen components on the absorption of 
EMWs, which may decrease the effective SAR on 
human sperm [18, 72]. 
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Human Studies: Male Reproductive 
Oxidative Stress After Cell Phone 
Exposure 

Oxidative stress (OS) has been implicated as a 
main contributor to male infertility [15, 73, 74]. 
OS generated in the testis due to mobile phone 
exposure leads to accumulation of free radicals 
and increased ROS levels in sperm, all secondary 
to high content of polyunsaturated fatty acids 
[75]. Agarwal and colleagues found elevated 
ROS with EMW exposure of in vitro neat semen 
samples [16]. Another in vitro study found 
increased ROS and 8-hydroxy-2’-deoxyguanasine 
(8-OH-2G), a marker for oxidative stress [51]. 
Given the association of OS with DNA fragmen- 
tation, EMW radiation effects secondary to OS in 
human studies require further investigation. 


Human Studies: Male Reproductive 

DNA Damage After Cell Phone 

Exposure 

There are few human studies investigating sperm 
DNA damage secondary to cell phone radiation. 
Agarwal and colleagues exposed in vitro semen 
samples to cell phone EMWs and noted an 
increase in ROS levels but DNA fragmentation 
indices showed no significant difference from the 
unexposed group [16]. De Iuliis and colleagues 
also noted DNA damage with exposure of human 
sperm to cell phone EMWs [18]. Furthermore, 
the authors later found a strong correlation 
between cell phone radiation-induced oxidative 
DNA damage and DNA fragmentation, con- 
firmed by a strong association between 80HdG 
formation and DNA fragmentation index [51]. 
Ultimately, though sparse, current literature 
implicates cell phone radiation as a potential 
cause of human sperm DNA fragmentation. 


Animal Studies on Cell Phone 
Radiation and Male Reproduction 


Deleterious Effects on Animal Semen 
Quality 

A decrease in sperm motility and morphology 
after cell phone radiation exposure has been 
shown in multiple rodent studies [20, 42, 76]. 
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Mailankot and colleagues exposed rats to an 
active 0.9/1.8 GHz mobile phone for 1 h/day for 
28 days. Controls were exposed to a mobile 
phone without a battery for the same duration. 
The authors found a significant decrease in motile 
sperm [76]. Yan et al. investigated the effect of 
cell phones at 1.9 GHz on rats at 1 cm distance 
from the face of each animal for 6 h/day over a 
period of 18 weeks at an SAR of 1.18 W/kg. They 
found an increased number of dead sperm cells 
and decreased sperm motility [2]. 

Sperm structural changes after cell phone 
radiation exposure have also been visualized 
using electron microscopy. Kesari and colleagues 
exposed rats for 45 days with 2 h/day of cell 
phone radiation. The authors found morphologi- 
cal changes in the rat sperm head and midpiece of 
the sperm mitochondrial sheath [42]. 

However, current literature does not solely 
support decreased motility with cell phone EMW 
exposure. In a recent study, Ozlem Nisbet et al. 
exposed rats at 900 and 1,800 MHz for 2 h/day 
over a 90-day period and found an increase in 
sperm motility in exposed rats relative to controls 
[77]. Total percentage of abnormal morphology 
was also lower in exposed animals. These seem- 
ingly paradoxical findings reveal a protective 
effect of cell phone radiation on rat spermatogen- 
esis. Nevertheless, the mechanism of these find- 
ings remains unclear. 


Animal Studies: Male Reproductive 
Oxidative Stress After Cell Phone 
Exposure 

OS generated in the testis due to mobile phone 
exposure has been found in a number of animal 
studies, although the mechanism of ROS genera- 
tion secondary to cell phone radiation remains 
unknown. Mailankot et al. exposed rats to 1 h of 
cell phone radiation for 28 days and found an 
increase in lipid peroxidation [76]. Kesari and 
colleagues studied the effect of mobile phone 
exposure compared with sham treatment in rats 
and noted a statistically significant increase in 
ROS and decrease in antioxidant enzymes in the 
exposure group [20]. A recent study by 
Al-Damegh evaluated the effect of treatment of 
rats with vitamins C and E prior to cell phone 
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EMW exposure [45]. The authors found increased 
glutathione peroxidase and glutathione in irradi- 
ated rat testicular tissues pretreated with oral 
antioxidants. In addition, markers of lipid peroxi- 
dation (conjugated dienes and hydroperoxides) 
along with catalase levels were decreased in radi- 
ated testicular tissues of vitamin-supplemented 
animals. These studies reveal a protective effect 
of pretreatment with vitamins C and E, as dis- 
played by the approximate return to normal val- 
ues of testicular antioxidants and markers of lipid 
peroxidation. 


Animal Studies: Sperm DNA Damage 
Secondary to Cell Phone Exposure 
Cell phone exposure may also lead to sperm DNA 
damage. Aitken et al. exposed mice to EMWs at a 
frequency of 900 MHz for 12 h/day for 1 week 
and showed evidence of DNA damage to epididy- 
mal spermatozoa [6]. Kesari and colleagues 
investigated cell phone EMW-induced clasto- 
genic activity (ability to fracture chromatin) and 
DNA fragmentation in exposed rats [48]. The 
authors found an increase in DNA fragmentation 
as well as an increase in micronucleated poly- 
chromatic erythrocytes, a measure of chromatin 
fragmentation. Histone kinase, an enzyme which 
regulates chromatin condensation throughout the 
cell cycle, was also evaluated, with EMW expo- 
sure leading to decreased histone kinase activity. 
Decreased histone kinase activity would poten- 
tially lead to defective cell cycle progression and 
ultimately defective spermatogenesis [48]. 
However, it remains unclear how EMWs affect 
histone kinase and induce clastogenic activity. 
Many human and animal studies have associ- 
ated oxidative stress and sperm DNA fragmenta- 
tion in male infertility, further supported by a 
reduction of DNA damage with oral antioxidants 
[40, 49-52]. Semen samples with elevated levels 
of DNA damage are often associated with poor 
reproductive outcomes, including decreased 
pregnancy rates, embryo cleavage, and embryo 
quality [53, 54]. Given the association of ROS 
and potential secondary DNA fragmentation, the 
effect of EMWs on sperm DNA fragmentation 
levels is an important and understudied topic. 


J.J. McGill and A. Agarwal 


Animal Studies: Male Reproductive Cell 
Phone Exposure and Apoptosis 

Recent studies have investigated a possible link 
between cell phone exposure and apoptosis. 
Dasdag and colleagues investigated the effect of 
cell phone radiation on activated caspase 3 levels, 
a direct measure of apoptosis. The authors 
exposed 14 rats to 900 MHz radiation over 10 
months for 2 h/day and measured active testicular 
caspase 3 levels and did not find an association 
between EMW exposure and increased caspase 3 
levels [78]. However, Kesari et al. found an 
increase in semen apoptotic cells on flow cytom- 
etry with cell phone exposure [20]. A later study 
by Kesari and colleagues supported this finding, 
with increased caspase-3 activity found in EMW- 
exposed animals compared to controls [42]. 


Animal Studies: Male Reproductive 
Histopathological Changes After Cell 
Phone Exposure 

There are multiple studies using rodent models to 
investigate the testicular histopathological 
changes secondary to cell phone exposure. Meo 
and colleagues exposed rats to cell phone expo- 
sure for 60 min and found 18.75 % hyposper- 
matogenesis and 18.75 % maturation arrest in the 
testes of exposed rats [79]. Dasdag and colleagues 
exposed rats to cell phone radiation for 2 h/day 
and revealed a decrease in seminiferous tubular 
diameter [3]. However, follow-up studies by the 
same authors did not reproduce seminiferous 
tubule changes [4, 78], despite using generally 
higher SARs (0.52 and 0.07-0.57 W/kg versus 
0.141 W/kg) compared to the earliest study. 

In another study, investigators exposed rats to 
cellular phones for 15, 30, and 60 min with fre- 
quencies ranging from 900/1,800/1,900 MHz at 
2-W peak power and an SAR of 0.9 W/kg [45]. 
The rats were exposed at a distance of 50 cm 
between the phone and the rats. Controls included 
unexposed and exposed rats. Two additional 
cohorts were given a 2-week pretreatment of 
vitamin C or E. Rat seminiferous tubules were 
widened with cell phone exposure, accompanied 
by the absence of spermatozoa within the lumen, 
but a significant regenerative effect was noted on 
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histopathological analysis of antioxidant pre- 
treated animals. 

To add, Celik and colleagues investigated the 
light and electron microscopic changes on rat tes- 
tes after 3 months of cell phone exposure at an 
SAR of 1.58 W/kg. Exposed rat testes revealed 
vacuolization in the cytoplasm and development 
of large lipid droplets in Sertoli cells, along 
with other extracellular matrix changes [80]. 
Ultimately, EMW radiation may cause testicular 
histopathological changes. Consistent reproduc- 
ibility of histopathological changes will depend on 
development of a standardized exposure protocol. 


Male Reproductive Hormonal Studies 

in Animals and Humans 

Leydig cells account for the majority of total 
body testosterone, which is necessary for sper- 
matogenesis. Leydig cell function may be affected 
by EMW exposure, although there are few stud- 
ies investigating testosterone levels in animals. 
Meo and colleagues found a stepwise decrease in 
testosterone levels with increasing duration of 
cell phone exposure [81]. This supports the find- 
ings of Wang et al., who demonstrated a decrease 
in serum testosterone coupled with Leydig cell 
mitochondrial swelling and other cellular changes 
in EMW-exposed mice [82]. Zhou and colleagues 
also found a decrease in serum testosterone in 
EMW-exposed rats along with alterations in 
Leydig cell steroidogenesis [83]. Ozguner et al. 
studied testicular histology, testosterone, LH, and 
FSH levels in EMW-exposed rats, showing a 
decrease in seminiferous tubule diameter and tes- 
tosterone levels but no other hormonal or histo- 
pathological changes [84]. 

Nevertheless, current animal literature does 
not unanimously support lower testosterone lev- 
els after EMW radiation exposure. Interestingly, 
some studies have found an increase in testoster- 
one levels, specifically at 24 h and 2 weeks post 
EMW exposure [77, 85]. Thus, testosterone may 
have a rebound effect in certain instances of 
EMW exposure. Further studies are necessary to 
elucidate the mechanism of cell phone radiation- 
induced hormonal alterations within animal tes- 
tes, given the effects of cell phone radiation are 
evident, but remain poorly understood. 
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Cell Phone Effects 

on the Pituitary Gland 

The risk of negative pituitary gland effects sec- 
ondary to cell phone exposure is of interest, given 
their intracranial location and increasing global 
use of cell phones. However, there is little litera- 
ture on the effects of pituitary gland exposure to 
cell phone radiation. A population based case 
control study of 291 cases and 630 controls 
investigated the risk of pituitary tumor develop- 
ment and did not reveal any association of cellu- 
lar phone use and pituitary tumor risk [86]. Other 
studies of pituitary gland function after cell 
phone exposure have not revealed any significant 
disturbance in human pituitary endocrine func- 
tion [87, 88]. Ultimately, although there are few 
studies on the effect of cell phone radiation on 
pituitary gland function, there does not appear to 
be an association between increased cell phone 
exposure and perturbation of pituitary function. 


Laptop Computers and Male 
Fertility 


Laptop computer use has increased dramatically 
in recent years and is an essential component of 
everyday life for many people. Many portable 
computers are placed in the operators lap during 
use of Wi-Fi, which is generally set at a frequency 
of 2.4 GHz. As with other nonionizing radiation 
devices, exposure is dependent upon the distance 
of the device antenna from the exposed tissues. 
However, there is a limited amount of data 
regarding the potential adverse reproductive 
health effects of Wi-Fi use of laptop computers. 
The few and limited studies to date focus on two 
aspects of laptop and Wi-Fi use: thermal and non- 
thermal effects. 


Laptops and Thermal Effects 
on Male Reproduction 


Thermal toxicity has been implicated in male 
infertility [89, 90] and may also play a role in male 
laptop use. Sheynkin and colleagues [91] studied 
scrotal hyperthermia in laptop computer use by 
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young men of reproductive age in a seated position 
with a laptop balanced on their legs. The authors 
found an approximately 3 °C increase with 60 min 
of seated laptop computer use. The authors 
repeated the study with variation in leg position 
and found an increase in temperature of all partici- 
pants by approximately 30 min [92]. However, 
these studies did not investigate semen analyses or 
pregnancy outcomes of study participants. Thus, it 
remains unclear if an increase in scrotal tempera- 
ture with laptop use is clinically relevant. 

Given human spermatogenesis is temperature 
dependent, with the male scrotum typically 1—2 °C 
below core body temperature, scrotal hyperther- 
mia may disturb intratesticular oxidative balance, 
leading to potential oxidative stress, cell apopto- 
sis, and compromised sperm DNA integrity [93, 
94]. Current literature lacks any studies investigat- 
ing thermal toxicity secondary to EMWs from 
Wi-Fi use of laptops. Further studies are needed to 
delineate the male reproductive consequences of 
laptop computer thermal output, as well as possi- 
ble thermal effects secondary to EMWs. 


Laptops and Nonthermal Effects 
on Male Reproduction 


Due to the paucity of available literature, the poten- 
tial nonthermal effects of EMWs in laptop comput- 
ers remain unclear. Oni et al. performed an in vitro 
pilot study investigating the effects of EMWs from 
Wi-Fi on ejaculated semen samples [95]. Samples 
from ten donors were split and unexposed samples 
were compared to samples placed 60 cm from each 
laptop for 1 h. The authors found a decrease in 
sperm motility and morphology with laptop Wi-Fi 
exposure. However, the unexposed aliquots were 
not placed near laptop computers with Wi-Fi 
turned off. The scientific relevance of a 60 cm dis- 
tance and 1 h duration of exposure is unclear. 
Overall, it is difficult to differentiate the potential 
thermal effects of laptop exposure from the non- 
thermal effects of EMW in this study. 

In a similar study, Avendano and colleagues 
[96] evaluated semen samples of 29 donors and 
exposed them to Wi-Fi connected laptop comput- 
ers with a 3 cm distance. The authors aliquoted 
each sample into two fractions: the exposed frac- 
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tion was placed in dishes under the laptop for 4 h. 
The second fraction was treated as a control and 
was not placed near a computer or other elec- 
tronic devices. An air conditioning system was 
placed under the laptop to homogenize the tem- 
perature at 25 °C above each sample. The authors 
reported a significant decrease in progressive 
motility and nonmotile sperm and increased DNA 
fragmentation index in laptop exposed samples. 

This study did not have an adequate control, 
given the nonexposed fraction was not placed 
under a laptop with Wi-Fi off. The study also 
lacked adequate control for temperature, since this 
was not measured and it is unclear if the tempera- 
ture of the experimental area was homogenized 
[97, 98]. In addition, although the laptops were all 
placed 3 cm from each exposed sample, location 
of the antennae is not reported, which would sig- 
nificantly affect the strength of the electromag- 
netic field under the laptop. The authors also 
included three teratozoospermic semen samples 
within their cohort, which may have biased study 
outcomes [98]. Given the pervasive use of laptop 
computers in men of reproductive age, further 
studies are warranted to clarify the potential effects 
of laptop exposure in male reproductive health. 


Microwaves and Male Fertility 


Microwave ovens use the formation of an electro- 
magnetic field to create a thermal effect through 
random molecular motion. Cell phones and lap- 
tops are a subset of microwaves, using a similar 
range of frequency along the EMW spectrum. 
However, conventional microwave ovens typi- 
cally operate at a slightly higher frequency than 
most cell phones, at approximately 2.45 GHz and 
power ranging from 0.5 to 2 kW [99]. 

As microwaves are absorbed in tissue, heat is 
produced which warms and cooks the tissue. 
However, the nonthermal effects of microwaves 
remain unknown. The effect of leakage of elec- 
tromagnetic radiation from microwave ovens 
may have negative health effects. Currently, US 
Food and Drug Administration regulations limit 
operational microwave oven leakage to 5 mW/ 
cm? at any point within a 2 in. distance from the 
oven [100]. 
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To date, there are no studies related to micro- 
wave oven leakage and male reproductive health. 
However, there are animal studies using the 
2.45 GHz frequency commonly used in commer- 
cial microwave ovens. Kesari and colleagues found 
a decrease in antioxidant enzymes and histone 
kinase with a concomitant increase in apoptosis 
after exposing rodents to EMWs at 2.45 GHz [101]. 
A later study by Kumar and colleagues reported 
increased apoptosis in rodents exposed to micro- 
waves at 2.45 GHz EMW radiation, with a signifi- 
cant decrease in testosterone, increase in both 
caspase levels and sperm creatine kinase, a mea- 
sure of sperm quality and immaturity [102, 103]. 

Saygin and colleagues exposed rats at 2.45 GHz 
and an SAR of 3.21 W/kg for 1 h/day over a 
28-day period and found a decrease in the number 
of Leydig cells in exposed animals and increased 
levels of the Bax apoptosis genes and caspase-8 
apoptosis enzyme [104]. However, Leydig cell 
number was increased with increasing exposure in 
a preceding study by Kim et al. [105]. The authors 
exposed animals at 2.45 GHz at an SAR of 1.4 W/ 
kg for either 1 or 2 h/day for 45 days and found a 
dose-dependent increase in the number of Leydig 
cells after exposure. Epididymal sperm counts 
trended downward and there were no histopatho- 
logical changes found with exposure. 

This variation in affect on Leydig cell number 
may relate to the different SAR levels (3.21 W/kg 
versus 1.4 W/kg) in each study, with the higher 
SAR leading to a decrease in Leydig cell number. 
A lower SAR may lead to a compensatory hyper- 
plastic effect in an attempt to restore normal sper- 
matogenesis. This may potentially precede a 
decrease in Leydig cell number, as seen at a higher 
SAR by Saygin and colleagues [104]. Variation in 
SAR may ultimately affect fertilization rates 
[106]. Overall, although 2.45 GHz EMW expo- 
sure appears to effect male reproductive biology, 
the mechanism of action remains unclear. 


Discussion 


Cell phone, laptop, and microwave EMW radia- 
tion exposure may be a possible cause of unex- 
plained male infertility. Although studies have 
shown adverse effects of EMW exposure in the 
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male reproductive system (Fig. 11.2), current 
research on the effects of EMW radiation on 
male reproductive health has been limited by 
inadequate study design and methods. 
Observational and in vitro studies preclude 
pathologic studies of male reproductive tissues. 
Observational studies also disallow elucidation 
of the true chronicity and amount of EMW expo- 
sure since these studies are subject to recall bias 
[107]. Reported cell phone usage may be affected 
by current cell phone use and may not reflect 
remote or recent changes in cell phone usage. 

EMW animal studies are limited by the models 
chosen (mouse and rat) given the small size of the 
animal’s testes, their nonpendulous scrota, and the 
ability of their testes to freely ascend through the 
inguinal canal into the abdomen. The rodent model 
does not accurately mimic human EMW absorption 
from cellular phones, given the tissues and distance 
between the antenna of the phone are not compa- 
rable. Current animal studies are also limited by 
inconsistent placement of cell phone antennae, with 
cell phones placed either on the cage, in the cage, or 
near the face of exposed rodents without any men- 
tion of antennae location or standardization of cell 
phone location relative to exposed animal testes. 

Previous studies are also limited by the cell 
phone frequencies chosen, with most being below 
1,800/1,900 MHz, which is more commonly used 
today. Irrespective of frequency difference, some 
studies did not reveal any correlation between 
EMW and cell phone exposure [108, 109]. These 
studies were very similar in design to aforemen- 
tioned studies which reported an association 
between EMW and male fertility. 

Computational analysis may play a significant 
role in EMW research in the future. Using two- 
dimensional modeling, Mouradi and colleagues 
calculated a distance of 0.8-1.8 cm as the dis- 
tance from the testes needed to have an impact on 
male spermatozoa [110]. However, three- 
dimensional modeling will ultimately be neces- 
sary to account for the contours and shape of 
male genital soft tissues. Because previous rodent 
models are inadequate and results are inconsis- 
tent [2-4, 20, 78, 108, 109], these studies can 
never be directly applied to humans. Until an 
adequate animal model is found, computational 
studies may play a key role in proving a stronger 
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association between adverse reproductive effects 
and EMW exposure. 

In addition, the current studies at microwave 
oven frequency do not mimic microwave oven 
use in humans, given real exposure is likely from 
EMW leakage rather than direct EMW exposure. 
To add, the thermal and nonthermal effects of 
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(e) Testosterone—| testosterone. (f) Sperm—head—tf sperm 
head abnormalities, |sperm-zona binding. [Reprinted with 
permission, Cleveland Clinic Center for Medical Art & 
Photography © 2011-2013. All Rights Reserved] 


laptop exposure remain unknown. Nevertheless, 
EMW exposure and abnormalities in the human 
male reproductive axis appear to be strongly 
associated (Fig. 11.1) and early studies have 
begun elucidation of a possible mechanism of 
action (Fig. 11.2). The inherent weaknesses of 
available study designs and paucity of data mitigate 
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any substantive gains in our knowledge on EMW 
effects on human testes. Conclusive data regard- 
ing cell phone, laptop, and microwave oven usage 
are needed to clarify the risks associated with 
EMW exposure in subfertile men. 


Conclusion 


Overall, current studies are unable to suggest a 
true mechanism of EMW radiation effects on the 
male reproductive axis. Although some molecular 
markers and oxidative stress have been inconsis- 
tently implicated, the mechanism of possible cell 
EMW effects remains unknown. Inadequate and 
variable study designs are major mitigators of 
study reproducibility, leaving the potential delete- 
rious effects of EMW radiation unproven. An 
improved animal model with histopathologic, 
molecular, and hormonal studies is needed to elu- 
cidate a true mechanism of EMW radiation injury 
in the male reproductive system. Future studies 
may be aided by three-dimensional computational 
modeling, which may help to safely and reproduc- 
ibly assess the effects of varying EMW exposure 
and frequencies on male reproductive potential. 
Until further studies are obtained using a stan- 
dardized study protocol with a known radiation 
dosage which accounts for cell phone distance, 
frequency, SAR, and duration of exposure, no 
significant conclusions can be made regarding 
EMW exposure in unexplained male infertility. 
Although current literature lacks definitive evi- 
dence associating male infertility with cell phone 
exposure, limitation of exposure to the possible 
harmful effects of cell phone, laptop, and micro- 
wave ovens is recommended. Subfertile men 
should avoid placement of laptop computers in 
the lap during use and limit Bluetooth cell phone 
use, with cell phones turned off while near geni- 
talia. Subfertile men should also avoid close 
proximity to microwave ovens during use. Given 
the EMW association with ROS, there may later 
be a role for antioxidant therapy in men with sub- 
fertility and increased EMW exposure. It remains 
unknown if subfertile men with extensive EMW 
damage to testes will require assisted reproduc- 
tive technology (ART) and what the outcomes 
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will be. Carefully designed study protocols are 
needed to establish conclusive evidence of the 
potential negative effects of EMW radiation in 
the male reproductive system. 


References 


1. Habash RW, Bansal R, Krewski D, Alhafid 
HT. Thermal therapy, part 1: an introduction to ther- 
mal therapy. Crit Rev Biomed Eng. 2006;34(6): 
459-89. 

2. Yan JG, Agresti M, Bruce T, Yan YH, Granlund A, 
Matloub HS. Effects of cellular phone emissions on 
sperm motility in rats. Fertil Steril. 2007;88(4): 
957-64. 

3. Dasdag S, Ketani MA, Akdag Z, Ersay AR, Sari I, 
Demirtas OC, et al. Whole-body microwave expo- 
sure emitted by cellular phones and testicular func- 
tion of rats. Urol Res. 1999;27(3):219-23. 

4. Dasdag S, Zulkuf Akdag M, Aksen F, Yilmaz F, 
Bashan M, Mutlu Dasdag M, et al. Whole body 
exposure of rats to microwaves emitted from a cell 
phone does not affect the testes. Bioelectromagnetics. 
2003;24(3):182-8. 

5. Cell phones and specific absorption rate [Internet]. 
2013 June 4. FCC.gov. Accessed 4 June 2013 
{updated 2013 June 4; cited 2013 June 4]. http:// 
www.fcc.gov/encyclopedia/cell-phones-and-specific- 
absorption-rate 

6. Aitken RJ, Bennetts LE, Sawyer D, Wiklendt AM, 
King BV. Impact of radio frequency electromagnetic 
radiation on DNA integrity in the male germline. Int 
J Androl. 2005;28(3):171-9. 

7. Ha BY. Stabilization and destabilization of cell 
membranes by multivalent ions. Phys Rev E Stat 
Nonlin Soft Matter Phys. 2001;64(5 Pt 1):051902. 

8. Blackman CF, Benane SG, Kinney LS, Joines WT, 
House DE. Effects of ELF fields on calcium-ion 
efflux from brain tissue in vitro. Radiat Res. 1982; 
92(3):5 10-20. 

9. Abou-haila A, Tulsiani DR. Signal transduction 
pathways that regulate sperm capacitation and the 
acrosome reaction. Arch Biochem Biophys. 2009; 
485(1):72-81. 

10. Hamada A, Singh A, Agarwal A. Cell phones and 
their impact on male fertility: fact or fiction. Open 
Reprod Sci J. 2011;5(3):125-37. 

11. Zhao M, Xia L, Chen GQ. Protein kinase cdelta in 
apoptosis: a brief overview. Arch Immunol Ther Exp 
(Warsz). 2012;60(5):361-72. 

12. Griner EM, Kazanietz MG. Protein kinase C and 
other diacylglycerol effectors in cancer. Nat Rev 
Cancer. 2007;7(4):28 1-94. 

13. Kalive M, Faust JJ, Koeneman BA, Capco 
DG. Involvement of the PKC family in regulation of 
early development. Mol Reprod Dev. 2010;77(2): 
95-104. 


174 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


21: 


28. 


Fejes I, Zavaczki Z, Szollosi J, Koloszar S, Daru J, 
Kovacs L, et al. Is there a relationship between cell 
phone use and semen quality? Arch Androl. 2005; 
51(5):385-93. 

Agarwal A, Deepinder F, Sharma RK, Ranga G, Li 
J. Effect of cell phone usage on semen analysis in 
men attending infertility clinic: an observational 
study. Fertil Steril. 2008;89(1):124-8. 

Agarwal A, Desai NR, Makker K, Varghese A, 
Mouradi R, Sabanegh E, et al. Effects of radiofre- 
quency electromagnetic waves (RF-EMW) from cel- 
lular phones on human ejaculated semen: an in vitro 
pilot study. Fertil Steril. 2009;92(4):1318-25. 
Erogul O, Oztas E, Yildirim I, Kir T, Aydur E, 
Komesli G, et al. Effects of electromagnetic radia- 
tion from a cellular phone on human sperm motility: 
an in vitro study. Arch Med Res. 2006;37(7):840-3. 
De Iuliis GN, Newey RJ, King BV, Aitken 
RJ. Mobile phone radiation induces reactive oxygen 
species production and DNA damage in human sper- 
matozoa in vitro. PLoS One. 2009;4(7):c6446. 
Mahfouz R, Sharma R, Thiyagarajan A, Kale V, 
Gupta S, Sabanegh E, et al. Semen characteristics 
and sperm DNA fragmentation in infertile men with 
low and high levels of seminal reactive oxygen spe- 
cies. Fertil Steril. 2010;94(6):2141-6. 

Kesari KK, Kumar S, Behari J. Mobile phone usage 
and male infertility in Wistar rats. Indian J Exp Biol. 
2010;48(10):987-92. 

Wang XW, Ding GR, Shi CH, Zeng LH, Liu JY, Li J, 
et al. Mechanisms involved in the blood-testis bar- 
rier increased permeability induced by 
EMP. Toxicology. 2010;276(1):58—63. 

Wang XW, Ding GR, Shi CH, Zhao T, Zhang J, Zeng 
LH, et al. Effect of electromagnetic pulse exposure 
on permeability of blood-testicle barrier in mice. 
Biomed Environ Sci. 2008;21(3):218-21. 

Hou WG, Zhao J, Li Z, Li W, Li T, Xiong LZ, et al. 
Effects of electromagnetic pulse irradiation on the 
mouse blood-testicle barrier. Urology. 
2012;80(1):225 e1—6. 

Cheng CY, Mruk DD. The blood-testis barrier and 
its implications for male contraception. Pharmacol 
Rev. 2012;64(1):16—64. 

Ghabriel MN, Lu JJ, Hermanis G, Zhu C, Setchell 
BP. Expression of a blood-brain barrier-specific anti- 
gen in the reproductive tract of the male rat. 
Reproduction. 2002;123(3):389-97. 

Eberhardt JL, Persson BR, Brun AE, Salford LG, 
Malmgren LO. Blood-brain barrier permeability and 
nerve cell damage in rat brain 14 and 28 days after 
exposure to microwaves from GSM mobile phones. 
Electromagn Biol Med. 2008;27(3):215-29. 

Salford LG, Brun AE, Eberhardt JL, Malmgren L, 
Persson BR. Nerve cell damage in mammalian brain 
after exposure to microwaves from GSM mobile 
phones. Environ Health Perspect. 2003;111(7): 
881-3; discussion A408. 

Fritze K, Sommer C, Schmitz B, Mies G, Hossmann 
KA, Kiessling M, et al. Effect of global system for 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


J.J. McGill and A. Agarwal 


mobile communication (GSM) microwave exposure 
on blood-brain barrier permeability in rat. Acta 
Neuropathol. 1997;94(5):465-70. 

Grafstrom G, Nittby H, Brun A, Malmgren L, 
Persson BR, Salford LG, et al. Histopathological 
examinations of rat brains after long-term exposure 
to GSM-900 mobile phone radiation. Brain Res 
Bull. 2008;77(5):257—63. 

Finnie JW, Blumbergs PC, Manavis J, Utteridge TD, 
Gebski V, Davies RA, et al. Effect of long-term 
mobile communication microwave exposure on vas- 
cular permeability in mouse brain. Pathology. 2002; 
34(4):344-7,. 

Franke H, Ringelstein EB, Stogbauer 
F. Electromagnetic fields (GSM 1800) do not 
alter blood-brain barrier permeability to sucrose in 
models in vitro with high barrier tightness. 
Bioelectromagnetics. 2005;26(7):529-35. 

Franke H, Streckert J, Bitz A, Goeke J, Hansen V, 
Ringelstein EB, et al. Effects of Universal Mobile 
Telecommunications System (UMTS) electromag- 
netic fields on the blood-brain barrier in vitro. Radiat 
Res. 2005;164(3):258-69. 

Kuribayashi M, Wang J, Fujiwara O, Doi Y, Nabae 
K, Tamano S, et al. Lack of effects of 1439 MHz 
electromagnetic near field exposure on the blood- 
brain barrier in immature and young ats. 
Bioelectromagnetics. 2005;26(7):578-88. 

de Gannes FP, Billaudel B, Taxile M, Haro E, Ruffie 
G, Leveque P, et al. Effects of head-only exposure of 
rats to GSM-900 on blood-brain barrier permeability 
and neuronal degeneration. Radiat Res. 2009;172(3): 
359-67. 

Leszczynski D, Joenvaara S, Reivinen J, Kuokka 
R. Non-thermal activation of the hsp27/p38MAPK 
stress pathway by mobile phone radiation in human 
endothelial cells: molecular mechanism for cancer- 
and blood-brain barrier-related effects. Differentiation. 
2002;70(2-3):120-9. 

McNamee JP, Chauhan V. Radiofrequency radiation 
and gene/protein expression: a review. Radiat Res. 
2009;172(3):265-87. 

Cotgreave IA. Biological stress responses to radio 
frequency electromagnetic radiation: are mobile 
phones really so (heat) shocking? Arch Biochem 
Biophys. 2005;435(1):227—40. 

Henkel R. The impact of oxidants on sperm func- 
tion. Andrologia. 2005;37(6):205—6. 

Aitken RJ, Baker MA, De Iuliis GN, Nixon B. New 
insights into sperm physiology and pathology. 
Handb Exp Pharmacol. 2010;198:99-115. 

Moustafa MH, Sharma RK, Thornton J, Mascha E, 
Abdel-Hafez MA, Thomas Jr AJ, et al. Relationship 
between ROS production, apoptosis and DNA 
denaturation in spermatozoa from patients examined 
for infertility. Hum Reprod. 2004;19(1):129-38. 
Pasqualotto FF, Sharma RK, Kobayashi H, Nelson 
DR, Thomas Jr AJ, Agarwal A. Oxidative stress in 
normospermic men undergoing infertility evalua- 
tion. J Androl. 2001;22(2):316-22. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


5 


jk, 


52. 


33. 


54. 


53: 


56. 


57. 


The Impact of Cell Phone, Laptop Computer... 


Kesari KK, Behari J. Evidence for mobile phone 
radiation exposure effects on reproductive pattern of 
male rats: role of ROS. Electromagn Biol Med. 
2012;31(3):213-22. 

Turrens JF. Mitochondrial formation of reactive oxy- 
gen species. J Physiol. 2003;552(Pt 2):335—44. 

Jin Z, Zong C, Jiang B, Zhou Z, Tong J, Cao Y. The 
effect of combined exposure of 900 MHz radiofre- 
quency fields and doxorubicin in HL-60 cells. PLoS 
One. 2012;7(9):e46102. 

Al-Damegh MA. Rat testicular impairment induced 
by electromagnetic radiation from a conventional 
cellular telephone and the protective effects of the 
antioxidants vitamins C and E. Clinics (Sao Paulo). 
2012;67(7):785-92. 

Aitken RJ, De Iuliis GN. On the possible origins of 
DNA damage in human spermatozoa. Mol Hum 
Reprod. 2010;16(1):3-13. 

Blank M, Goodman R. Electromagnetic fields may 
act directly on DNA. J Cell Biochem. 1999;75(3): 
369-74. 

Kesari KK, Kumar S, Behari J. Effects of radiofre- 
quency electromagnetic wave exposure from cellu- 
lar phones on the reproductive pattern in male 
Wistar rats. Appl Biochem Biotechnol. 2011;164(4): 
546-59. 

Tamburrino L, Marchiani S, Montoya M, Elia 
Marino F, Natali I, Cambi M, et al. Mechanisms and 
clinical correlates of sperm DNA damage. Asian J 
Androl. 2012;14(1):24-31. 

Greco E, Iacobelli M, Rienzi L, Ubaldi F, Ferrero S, 
Tesarik J. Reduction of the incidence of sperm 
DNA fragmentation by oral antioxidant treatment. 
J Androl. 2005;26(3):349-53. 


. De Iuliis GN, Thomson LK, Mitchell LA, Finnie 


JM, Koppers AJ, Hedges A, et al. DNA damage in 
human spermatozoa is highly correlated with the 
efficiency of chromatin remodeling and the forma- 
tion of 8-hydroxy-2’-deoxyguanosine, a marker of 
oxidative stress. Biol Reprod. 2009;81(3):517—24. 
Oger I, Da Cruz C, Panteix G, Menezo Y. Evaluating 
human sperm DNA integrity: relationship between 
8-hydroxydeoxyguanosine quantification and the 
sperm chromatin structure assay. Zygote. 2003;11(4): 
367-71. 

Agarwal A, Said TM. Role of sperm chromatin 
abnormalities and DNA damage in male infertility. 
Hum Reprod Update. 2003;9(4):331-45. 

Sharma RK, Said T, Agarwal A. Sperm DNA dam- 
age and its clinical relevance in assessing reproduc- 
tive outcome. Asian J Androl. 2004;6(2):139-48. 
Privateline.com: Digital wireless basics: frequencies 
[Internet]. Accessed 22 July 2012. http://www.pri- 
vateline.com/PCS/Frequencies.htm 

How cell-phone radiation works [Internet]. Accessed 
22 July 2012. http://www.howstuffworks.com/cell- 
phone-radiation.html 

Deepinder F, Makker K, Agarwal A. Cell phones 
and male infertility: dissecting the relationship. 
Reprod Biomed Online. 2007; 15(3):266—70. 


58. 


59. 


60. 


6l. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72 


175 


Cleveland Jr JR, Sylvar DM, Ulcek JL. Evaluating 
compliance with FCC guidelines for human expo- 
sure to radiofrequency electromagnetic fields. 
August 1997 [Internet]. Accessed 22 July 2012. 
http://www.fcc.gov/Bureaus/Engineering_ 
Technology/Documents/bulletins/oet65/0et65.pdf 
Desai NR, Kesari KK, Agarwal A. Pathophysiology 
of cell phone radiation: oxidative stress and carcino- 
genesis with focus on male reproductive system. 
Reprod Biol Endocrinol. 2009;7:114. 

Straume A, Oftedal G, Johnsson A. Skin tempera- 
ture increase caused by a mobile phone: a method- 
ological infrared camera study. Bioelectromagnetics. 
2005;26(6):510-9. 

Friedman J, Kraus S, Hauptman Y, Schiff Y, Seger 
R. Mechanism of short-term ERK activation by elec- 
tromagnetic fields at mobile phone frequencies. 
Biochem J. 2007;405(3):559-68. 

D’Costa H, Trueman G, Tang L, Abdel-rahman U, 
Abdel-rahman W, Ong K, et al. Human brain wave 
activity during exposure to radiofrequency field 
emissions from mobile phones. Australas Phys Eng 
Sci Med. 2003;26(4): 162-7. 

Kramarenko AV, Tan U. Effects of high-frequency 
electromagnetic fields on human EEG: a brain map- 
ping study. Int J Neurosci. 2003;113(7):1007-19. 
Oftedal G, Wilen J, Sandstrom M, Mild KH. Symptoms 
experienced in connection with mobile phone use. 
Occup Med (Lond). 2000;50(4):237-45. 

Hillert L, Akerstedt T, Lowden A, Wiholm C, Kuster 
N, Ebert S, et al. The effects of 884 MHz GSM wire- 
less communication signals on headache and other 
symptoms: an experimental provocation study. 
Bioelectromagnetics. 2008;29(3): 185-96. 

Volkow ND, Tomasi D, Wang GJ, Vaska P, Fowler 
JS, Telang F, et al. Effects of cell phone radiofre- 
quency signal exposure on brain glucose metabo- 
lism. JAMA. 2011;305(8):808-13. 

Hardell L, Carlberg M, Hansson MK. Use of mobile 
phones and cordless phones is associated with 
increased risk for glioma and acoustic neuroma. 
Pathophysiology. 2013;20(2):85—110. 

Roosli M, Michel G, Kuehni CE, Spoerri A. Cellular 
telephone use and time trends in brain tumour mor- 
tality in Switzerland from 1969 to 2002. Eur J 
Cancer Prev. 2007;16(1):77-82. 

Wdowiak A, Wdowiak L, Wiktor H. Evaluation of 
the effect of using mobile phones on male fertility. 
Ann Agric Environ Med. 2007;14(1):169-72. 
Kilgallon SJ, Simmons LW. Image content influ- 
ences men’s semen quality. Biol Lett. 2005;1(3): 
253-5. 

Gutschi T, Mohamad AI-Ali B, Shamloul R, Pummer 
K, Trummer H. Impact of cell phone use on men’s 
semen parameters. Andrologia. 2011;43(5):312-6. 


. Falzone N, Huyser C, Becker P, Leszczynski D, 


Franken DR. The effect of pulsed 900-MHz GSM 
mobile phone radiation on the acrosome reaction, 
head morphometry and zona binding of human sper- 
matozoa. Int J Androl. 2011;34(1):20-6. 


176 


73. 


74. 


75. 


76. 


71. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


Agarwal A, Saleh RA, Bedaiwy MA. Role of reac- 
tive oxygen species in the pathophysiology of human 
reproduction. Fertil Steril. 2003;79(4):829—43. 
Shen HM, Chia SE, Ong CN. Evaluation of oxidative 
DNA damage in human sperm and its association 
with male infertility. J Androl. 1999;20(6):718-23. 
Aitken RJ, Baker MA. Oxidative stress, sperm sur- 
vival and fertility control. Mol Cell Endocrinol. 
2006;250(1-2):66-9. 

Mailankot M, Kunnath AP, Jayalekshmi H, Koduru 
B, Valsalan R. Radio frequency electromagnetic 
radiation (RF-EMR) from GSM (0.9/1.8GHz) 
mobile phones induces oxidative stress and reduces 
sperm motility in rats. Clinics (Sao Paulo). 2009; 
64(6):561-5. 

Ozlem Nisbet H, Nisbet C, Akar A, Cevik M, 
Karayigit MO. Effects of exposure to electromag- 
netic field (1.8/0.9 GHz) on testicular function and 
structure in growing rats. Res Vet Sci. 2012;93(2): 
1001-5. 

Dasdag S, Akdag MZ, Ulukaya E, Uzunlar AK, 
Yegin D. Mobile phone exposure does not induce 
apoptosis on spermatogenesis in rats. Arch Med Res. 
2008;39(1):40—4. 

Meo SA, Arif M, Rashied S, Khan MM, Vohra MS, 
Usmani AM, et al. Hypospermatogenesis and sper- 
matozoa maturation arrest in rats induced by mobile 
phone radiation. J Coll Physicians Surg Pak. 2011; 
21(5):262-5. 

Celik S, Aridogan IA, Izol V, Erdogan S, Polat S, 
Doran S. An evaluation of the effects of long-term 
cell phone use on the testes via light and electron 
microscope analysis. Urology. 2012;79(2):346-50. 
Meo SA, Al-Drees AM, Husain S, Khan MM, Imran 
MB. Effects of mobile phone radiation on serum tes- 
tosterone in Wistar albino rats. Saudi Med 
J. 2010;31(8):869-73. 

Wang SM, Wang DW, Peng RY, Gao YB, Yang Y, 
Hu WH, et al. [Effect of electromagnetic pulse irra- 
diation on structure and function of Leydig cells in 
mice]. Zhonghua Nan Ke Xue. 2003;9(5):327-30. 
Zhou W, Wang XB, Yang JQ, Liu Y, Zhang GB. 
[Influence of electromagnetic irradiation on P450scc 
mRNA expression in rat testis tissues and protective 
effect of the shield]. Zhonghua Nan Ke Xue. 
2005;11(4):269-71. 

Ozguner M, Koyu A, Cesur G, Ural M, Ozguner F, 
Gokcimen A, et al. Biological and morphological 
effects on the reproductive organ of rats after expo- 
sure to electromagnetic field. Saudi Med J. 2005; 
26(3):405-10. 

Forgacs Z, Somosy Z, Kubinyi G, Bakos J, Hudak A, 
Surjan A, et al. Effect of whole-body 1800 MHz 
GSM-like microwave exposure on testicular ste- 
roidogenesis and histology in mice. Reprod Toxicol. 
2006;22(1):111-7. 

Schoemaker MJ, Swerdlow AJ. Risk of pituitary 
tumors in cellular phone users: a case-control study. 
Epidemiology. 2009;20(3):348-S4. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 


98. 


99. 


100. 


101. 


J.J. McGill and A. Agarwal 


de Seze R, Fabbro-Peray P, Miro L. GSM radiocel- 
lular telephones do not disturb the secretion of ante- 
pituitary hormones in humans. Bioelectromagnetics. 
1998;19(5):271-8. 

Djeridane Y, Touitou Y, de Seze R. Influence of elec- 
tromagnetic fields emitted by GSM-900 cellular 
telephones on the circadian patterns of gonadal, 
adrenal and pituitary hormones in men. Radiat Res. 
2008; 169(3):337-43. 

Dada R, Gupta NP, Kucheria K. Spermatogenic 
arrest in men with testicular hyperthermia. Teratog 
Carcinog Mutagen. 2003;Suppl 1:235—-43. 

Ahmad G, Moinard N, Esquerre-Lamare C, Mieusset 
R, Bujan L. Mild induced testicular and epididymal 
hyperthermia alters sperm chromatin integrity in 
men. Fertil Steril. 2012;97(3):546-53. 

Sheynkin Y, Jung M, Yoo P, Schulsinger D, Komaroff 
E. Increase in scrotal temperature in laptop computer 
users. Hum Reprod. 2005;20(2):452-5S. 

Sheynkin Y, Welliver R, Winer A, Hajimirzaee F, 
Ahn H, Lee K. Protection from scrotal hyperthermia 
in laptop computer users. Fertil Steril. 
2010;95(2):647-5 1. 

Banks S, King SA, Irvine DS, Saunders PT. Impact 
of a mild scrotal heat stress on DNA integrity in 
murine spermatozoa. Reproduction. 2005;129(4): 
505-14. 

Shiraishi K, Takihara H, Matsuyama H. Elevated 
scrotal temperature, but not varicocele grade, reflects 
testicular oxidative stress-mediated apoptosis. World 
J Urol. 2009;28(3):359-64. 

Oni O, Amuda D, Gilbert C. Effects of radiofre- 
quency radiation from WiFi devices on human ejac- 
ulated semen. Int J Res Rev Appl Sci. 2011;19: 
292-4. 

Avendano C, Mata A, Sanchez Sarmiento CA, 
Doncel GF. Use of laptop computers connected to 
internet through Wi-Fi decreases human sperm 
motility and increases sperm DNA fragmentation. 
Fertil Steril. 2012;97(1):39-45.e2. 

Dore JF, Chignol MC. Laptop computers with Wi-Fi 
decrease human sperm motility and increase sperm 
DNA fragmentation. Fertil Steril. 2012;97(4):e12; 
author reply e3. 

Choy JT, Brannigan RE. Words of wisdom. Re: Use 
of laptop computers connected to Internet through 
Wi-Fi decreases human sperm motility and increases 
sperm DNA fragmentation. Eur Urol. 2012;62(6): 
1196-7. 

Alhekail ZO. Electromagnetic radiation from micro- 
wave ovens. J Radiol Prot. 2001;21(3):251-8. 
Microwave oven radiation. [Internet]. Accessed 7 
Mar 2013. [Updated 2013 Mar 7; cited 2013 Mar 7]. 
http://www.fda.gov/Radiation-EmittingProducts/ 
RadiationEmittingProductsandProcedures/ 
HomeBusinessandEntertainment/ucm142616.htm 
Kesari KK, Behari J. Microwave exposure affecting 
reproductive system in male rats. Appl Biochem 
Biotechnol. 2010;162(2):416-28. 


102. 


103. 


104. 


105. 


The Impact of Cell Phone, Laptop Computer... 


Kumar S, Kesari KK, Behari J. The therapeutic 
effect of a pulsed electromagnetic field on the repro- 
ductive patterns of male Wistar rats exposed to a 
2.45-GHz microwave field. Clinics (Sao Paulo). 
2011;66(7):1237-45. 

Hallak J, Sharma RK, Pasqualotto FF, Ranganathan 
P, Thomas Jr AJ, Agarwal A. Creatine kinase as 
an indicator of sperm quality and maturity in 
men with oligospermia. Urology. 2001;58(3): 
446-51. 

Saygin M, Caliskan S, Karahan N, Koyu A, 
Gumral N, Uguz A. Testicular apoptosis and 
histopathological changes induced by a 2.45 GHz 
electromagnetic field. Toxicol Ind Health. 2011; 
27(5):455-63. 

Kim JY, Kim HT, Moon KH, Shin HJ. Long-term 
exposure of rats to 2.45 GHz electromagnetic field: 
effects on reproductive function. Korean J Urol. 
2007;48:1308-14. 


106. 


107. 


108. 


109. 


110. 


177 


Cleary SF, Liu LM, Graham R, East J. In vitro 
fertilization of mouse ova by spermatozoa exposed 
isothermally to radio-frequency radiation. Bioele- 
ctromagnetics. 1989;10(4):361-9. 

Jepsen P, Johnsen SP, Gillman MW, Sorensen 
HT. Interpretation of observational studies. Heart. 
2004;90(8):956-60. 

Lee HJ, Pack JK, Kim TH, Kim N, Choi SY, Lee JS, 
et al. The lack of histological changes of CDMA cel- 
lular phone-based radio frequency on rat testis. 
Bioelectromagnetics. 2010;31(7):528-34. 

Imai N, Kawabe M, Hikage T, Nojima T, Takahashi 
S, Shirai T. Effects on rat testis of 1.95-GHz 
W-CDMA for IMT-2000 cellular phones. Syst Biol 
Reprod Med. 2011;57(4):204-9. 

Mouradi R, Desai N, Erdemir A, Agarwal A. The use 
of FDTD in establishing in vitro experimentation con- 
ditions representative of lifelike cell phone radiation 
on the spermatozoa. Health Phys. 2012;102(1):54-62. 


Part Il 


Occupational Exposure 


Lidia Minguez-Alarcon, Jaime Mendiola, 
and Alberto M. Torres-Cantero 


Introduction 


There is evidence in the literature that male 
reproductive function has deteriorated signifi- 
cantly in the past 50 years [1]. A later review, 
which included 47 additional studies, confirmed 
that sperm concentration has declined, being the 
role of decline more pronounced in Europe 
(—2.3 %) than in the USA (—0.8 %) or other coun- 
tries (—0.2 %) [2]. 

However, even within geographical regions 
there are important intercountry differences. In a 
cross-sectional study, the Finnish and Estonian 
men had higher total sperm counts, sperm concen- 
trations, and number of normal sperm than the 
Norwegian and Danish men [3]. This variation has 
been supported by other studies with men who 
were not selected because of fertility or infertility 
[4-8]. Besides, there are significant intra-country 
variations. Swan et al. suggested that sperm con- 
centration and motility might be reduced in 
semirural and agricultural areas compared to 
urban and less agriculturally intensive areas [9]. 

Semen quality differences could be related 
to lifestyle factors and dietary patterns [10-12], 
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prenatal exposures [13, 14], and occupational 
and environmental exposures [15-17]. 

The objective of this chapter is to summarize 
the negative impact of pesticides and heavy metal 
exposures on adult male reproductive function. 


Pesticides and Impairment of Adult 
Male Reproductive Function 


Pesticides are an important group of environmental 
pollutants used in intensive agriculture for pro- 
tection against diseases and pests caused by 
weeds (herbicides), insects (insecticides), and 
fungi (fungicides) [18] (Table 12.1). According 
to their chemical composition, there are two main 
types of pesticides: organochlorine and organo- 
phosphate pesticides. Organochlorines contain at 
least one covalently bonded chlorine atom in their 
chemical structure, while organophosphates have 
a carbon—phosphorus bond in their configuration. 
They both may impair reproductive male function 
through disruption of the endocrine axis [19]. 

In general, pesticides could adversely affect 
human semen parameters due to their hormonal 
activity on spermatogenesis. At the mitotic or mei- 
otic level, those compounds may decrease sperm 
counts. With regard to postmeiotic processes and 
epididymal sperm maturation, those chemicals 
may impair sperm motility [20, 21]. Some pesti- 
cides are able to bind estrogen receptors because of 
their estrogen-like characteristics [22]. It has also 
been shown that the effect of pesticides, with either 
antiandrogenic or estrogenic properties, on male 
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Table 12.1 Main products where pesticides can be found 


Organochlorine 
pesticides 


Organophosphate 
pesticides 


Other 
compounds 
included in 
pesticides 


Type 


Dichlorodiphenyltrichloroethane 


(DDT) 
Polychlorinated biphenyls 
(PCB) 


Carbaryl 

Chlordane 
1,2-Dibromo-3-chloropropane 
(DBCP) 

Chlorpyrifos 


Paraquat 
Malathion 


Diethylthiophosphate (DETP) 
Dimethylphosphate (DMP) 
Ethylphosphate (EP) 
Methamidophos 

Phthalates 


Abamectin 


Uses 


In pharmaceutical drugs against malaria and as insecticide 


In paints and cements as plasticizers, stabilizing additives in 
flexible PVC coatings, of electrical wiring and electronic 
components, pesticide extenders, cutting oils, reactive flame 
retardants, lubricating oils, hydraulic fluids, adhesives, wood 
floor, paints, de-dusting agents, water-proofing compounds, 
casting agents, vacuum pump fluids, fixatives in microscopy, 
surgical implants, and in carbonless copy paper 

In agriculture as insecticide and in veterinary as drug 

In agriculture as powerful pesticide 

In the synthesis of organic chemicals as an intermediate and 
in agriculture as nematocide and insecticide 

In cotton, corn, almonds, and fruit trees agriculture mainly as 
insecticide 

In plant protection products as herbicide 

In agriculture as pesticide and in medical care for treatment 
of pediculosis and scabies 

In many food crops as insecticide 

In insecticides 

In plastics, solvents, and pesticides 

In Chinese ricefields as insecticide and in poisoning 

In nutritional supplements, adhesives and glues, agricultural 
adjuvants, building materials, personal-care products, medical 
devices, detergents and surfactants, packaging, children’s 
toys, modeling clay, waxes, paints, printing inks and coatings, 
pharmaceuticals, food products, textiles, soft plastics. In 
household applications, personal-care items, modern 
electronics and medical applications, and PVC 

In products as insecticide, acaricide, and nematicide 


reproductive health, may be related to an alteration 
of the gonadotropin-releasing hormone (GnRH) or 
a disruption of the production of the gonadotropin 
hormones by the pituitary gland [23, 24]. 

Although the current chapter refers to adult 
function, it is worth mentioning that prenatal 
(fetal/maternal) exposure may have significant 
effects later in life. The testicular dysgenesis syn- 
drome (TDS) hypothesis suggests that disturbed 
testicular development in fetal life may result in 
one or more postnatal reproductive disorders, 
with fetal exposure to pesticides being one of the 
main risk factors [13, 25-28]. Several other 
human observational studies have reported that 
genital malformations (including cryptorchidism or 
hypospadias) may be related to parental pesticide 
exposure [29-33]. 


Organochlorine Pesticides 


Dichlorodiphenyltrichloroethane (DDT) is one of 
the most commonly used persistent organochlorine 
pesticides and its insecticidal qualities were discov- 
ered in 1939 (Table 12.1). In the early 1970s, DDT 
was banned due to its high toxicity and long-term 
persistence. However, DDT continues to be used 
today as an antimalarial in several regions of Africa 
and Asia [34]. Isomer forms like p,p’-DDT and 
o,p'-DDT or its metabolites dichlorodiphenyldi- 
chloroethylene (DDE) and dichlorodiphenyldichlo- 
roethane (DDD) [34] can also be found. 

Several reports have examined the associa- 
tions between DDT exposure and human semen 
parameters among fertile men around the world 
[35-37]. In 2006, Toft and colleagues suggested 
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that higher levels of DDE exposure may be asso- 
ciated with impaired sperm motility in 798 fertile 
men of four European countries (Poland, Ukraine, 
Greenland, and Sweden) [35]. In America, a 
cross-sectional study conducted with 116 young 
men from Mexico reported a positive association 
between plasma p,p’-DDE levels and sperm tail 
defects and a negative association with sperm 
motility [36]. Similarly, in South Africa, lipid- 
adjusted serum p,p’-DDE concentration was 
inversely associated with sperm volume and total 
sperm count in 303 healthy males between 18 
and 40 years old [37]. 

The association between DDT exposure and 
human semen parameters has been investigated in 
infertile or subfertile men as well [38—40]. Hauser 
and colleagues found no association between 
serum p,p’-DDE concentration and semen vol- 
ume, sperm concentration, motility, or morphol- 
ogy in 212 male partners of subfertile couples 
attending the Massachusetts General Hospital 
Andrology Laboratory [38, 39]. However, a study 
conducted in India with 45 cases and 45 controls 
concluded that concentrations of p,p'-DDE, p,p’- 
DDD, and total DDT were higher in seminal fluid 
of men with male factor infertility (cases) com- 
pared with controls [40]. 

With regard to testicular germ cell tumors 
(TGCT), only one case-control study have found 
a Statistically significant association with p,p’- 
DDE exposures using pre-diagnostic serum sam- 
ples (p<0.01) [41]. Other studies using similar 
samples reported a borderline association between 
increasing p,p'-DDE exposures and TGCT 
(p=0.07) [42]. 

Polychlorinated biphenyls (PCBs) are a family 
of synthetic, persistent, lipophilic organochlorine 
pesticides found in the environment (Table 12.1). 
The general population is exposed to this com- 
pound on a daily basis due to the ingestion of 
contaminated foods [39]. Richthoff et al. ana- 
lyzed the relationship between serum PCBs and 
semen parameters in 305 presumed-fertile mili- 
tary recruits between 18 and 21 years old from 
Sweden [43]. Total PCB concentration was 
inversely correlated with sperm motility, but was 
not associated with sperm volume, concentration, 
and total sperm count. Similarly, serum PCB-153 
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(an individual PCB congener) concentration has 
been weakly associated with sperm motility, 
but no relationship was seen with other sperm 
parameters (sperm volume, concentration, and 
total count) among Swedish fishermen [44]. 

In a cross-sectional study including 212 male 
partners of subfertile couples attending an infer- 
tility clinic, Hauser and colleagues reported a sta- 
tistically significant negative association between 
serum levels of PCB-138 (another individual 
PCB congener) and sperm concentration, motil- 
ity, and morphology [38]. 

Carbaryl is a nonpersistent-organochlorine 
pesticide used to protect residential lawns and gar- 
dens from insects (Table 12.1). This compound 
may impair sperm parameters and male reproduc- 
tive hormone concentrations [45]. A study con- 
ducted between 2000 and 2003 with 272 male 
partners of couples attending a Massachusetts 
infertility clinic concluded that men with low urine 
concentrations of |-naphtol (a urinary metabolite 
of carbaryl) were more likely to have sperm con- 
centration and sperm motility (p<0.05) above the 
WHO reference values [46]. Furthermore, the same 
research group published a latter article finding a 
suggestive inverse association between urinary 
concentrations of 1-naphtol and circulating 
serum estradiol levels (p=0.09) [47], a steroid 
hormone that inhibits testicular apoptosis much 
more effectively than testosterone [48]. 

Carbaryl was also related with sperm quality 
in a case-control study conducted among Chinese 
men, but in this case, the organochlorine pesti- 
cide was measured in the ambient air of the work- 
place [49]. Seminal volume and sperm motility 
were significantly lower (»<0.05) in the case 
group (air-exposed pesticide) compared with the 
controls (non-air-exposed pesticide). 

Nonachlor is a derived compound of an organo- 
chlorine pesticide named chlordane (Table 12.1). 
Its half-life in the human body is 10-20 years [50]. 
Some articles have reported a positive relationship 
with the presence of TCGT [41, 42, 51]. It is less 
commercialized than the other organochlorine 
pesticides, though. 

In 1979, a study investigating the association 
between the exposures to another organochlo- 
rine pesticide, the 1,2-dibromo-3-chloropropane 
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(DBCP), and semen quality was published [52]. 
Out of the 142 non-vasectomized men providing 
semen samples, 107 and 35 had and had not been 
exposed to DBCP, respectively. The authors 
concluded that there were more percentage of 
azoospermic and severely oligozoospermic cases 
in the group of exposed men compared with the 
nonexposed. 


Organophosphate Pesticides 


Chlorpyrifos is one of the most commonly used 
insecticides in homes, and more than 90 % of 
males in the US population had urine samples 
with detectable levels of 3.5.6.-trichloro-2- 
pyridinol (TCPY), the major urinary metabolite 
of this insecticide [53] (Table 12.1). A study 
conducted by Meeker and colleagues in a 
Massachusetts infertility clinic assessed the rela- 
tionship between urinary levels of TCPY and 
semen parameters [47]. They reported that men 
in the medium and high TCPY tertiles were more 
likely to have below-reference sperm concentra- 
tion and motility [46] (p value for trend=0.01), 
compared with men in the lowest TCPY tertile. 
In addition, there was an inverse association 
between urinary TCPY concentrations and serum 
estradiol levels [47]. Although estradiol is mainly 
a female hormone, it has been demonstrated that 
estradiol plays an important role in male repro- 
ductive health. Estradiol is produced in the testes 
and it has been shown to inhibit testicular apop- 
tosis much more effectively than testosterone, 
for instance [48]. 

Another example of a potential negative impact 
of this group of chemicals on semen quality was 
found in Sabah, Malaysia [54]. A cross-sectional 
study was conducted including 152 farmers (which 
62 have been exposed to either paraquat or mala- 
thion or both organophosphate pesticides) to 
explore the relation between the exposure to these 
compounds and semen quality. The exposed work- 
ers presented significantly lower sperm concentra- 
tion, volume, count, and motility (p<0.005) and 
higher percent of teratozoospermia, compared 
with nonexposed farmers. 

Diethylthiophosphate (DETP) is a specific 
organophosphate insecticide metabolite that has 
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been associated with decreased sperm concentration 
among exposed men of an agricultural region of 
China [55]. Somewhat similar results have been 
reported in other areas. For example, the same 
research group also found a relationship between 
another organophosphate metabolite measured in 
urine, dimethylphosphate (DMP), and semen 
quality impairment in environmentally exposed 
men from China [56]. Another study conducted in 
Peru looked at the relationship between urinary 
levels of DETP, DMP, and thiophosphate metabo- 
lites (Table 12.1) and semen quality as well [57]. 
The study recruited 31 exposed and 31 nonex- 
posed men (between 20 and 60 years old) to these 
organophosphate metabolites. A significant 
reduction of semen volume was found in the 
exposed group compared with controls (nonex- 
posed men) [57]. 

Ethylparathion and methamidophos are 
organophosphate pesticides with restricted use 
due to their toxicity [53] (Table 12.1). Giving 
their circumstances, human exposure through 
diet or drinking water is very low. However, 
Padungtod and colleagues reported a significant 
lower sperm concentration and motility among 
Chinese workers exposed to ethylparathion and 
methamidophos compared with nonexposed 
workers, but there were no differences in sperm 
morphology [58]. 

In Mexico, a longitudinal follow-up study of 
52 male volunteers, between the ages of 18-55, 
performing agricultural work was carried out 
[59]. Semen parameters and several urinary 
organophosphate levels (DETP, DMP, etc.) were 
assessed. The results showed a significant 
decrease in total sperm count among subjects 
with the highest (compared with the lowest) con- 
centrations of urinary organophosphate levels. 


Other Compounds Included 
in Pesticides 


Phthalates are a family of industrial chemicals 
that are part of the ingredients of fragrances, 
adhesives and glues, building materials, 
personal-care products, detergents, paints, 
pharmaceuticals, food products, textiles, and 
agricultural adjuvants, including pesticides. 
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Phthalates are endocrine-disrupting compounds and 
its antiandrogenic effects are well known [60-62]. 

The most widely used phthalates are the di- 
(2-ethylhexyl) phthalate (DEHP), the diisodecyl 
phthalate (DIDP), and the diisononyl phthalate 
(DINP) [63]. Several cross-sectional studies have 
reported a negative relationship between phthal- 
ates and male semen quality around the world 
[64-72]. 

Duty and coworkers conducted a study includ- 
ing 168 men who were part of subfertile couples 
at the Massachusetts General Hospital Andrology 
Laboratory between January 2000 and April 
2001. They examined the associations between 8 
urinary phthalate metabolites and the partici- 
pants’ semen quality [65]. The authors reported 
two negative and significant dose-response rela- 
tionships, one between the levels of monobuty] 
phthalate and sperm concentration as well as 
motility and another one between levels of mono- 
benzyl phthalate and sperm concentration. The 
same research group also evaluated another out- 
come, sperm DNA damage, in relationship with 
environmental exposures of phthalates measured 
in urine [66]. The main results showed a signifi- 
cant positive association between urinary con- 
centrations of one phthalate (monoethyl 
phthalate) and DNA sperm damage in the same 
study population. 

Other articles from the same research group 
reported similar results in that particular popula- 
tion [67, 68]. For example, a dose-response neg- 
ative association between urinary levels of 
monobutyl phthalate and sperm concentration 
and motility was found [67]. Besides, a positive 
relationship between urine concentration of 
monobutyl phthalate and DNA sperm damage 
was also shown [68]. 

In 2005, Duty and coworkers conducted 
another study among 295 male partners of sub- 
fertile couples at the same Hospital between 
1999 and 2003. In this case, they explored the 
association between environmental levels of 
phthalates and altered reproductive hormone lev- 
els. They found associations between urinary 
phthalate metabolite concentrations and altered 
levels of inhibin B and FSH, but the hormone 
concentrations did not change in the expected 
patterns [69]. 
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Pan et al. studied adult men occupationally 
exposed to phthalates showing that exposure to 
DEHP and dibutyl phthalate (DBP) was nega- 
tively associated with free testosterone serum 
levels [70]. In a Swedish population of young 
men, Jönsson et al. reported an inverse associa- 
tion between urinary monoethy] phthalate (MEP) 
concentration and LH values in 234 young 
Swedish men, although no association was found 
between other phthalate metabolites and other 
reproductive hormones [71]. 

Hauser and collaborators [39] studied the asso- 
ciations between both PCBs and phthalate metab- 
olites and human semen quality, especially sperm 
motility. The study included 303 men who were 
partners in subfertile couples attending an infertil- 
ity clinic between January 2000 and April 2003. 
For example, after adjusting for important covari- 
ates (age and abstinence time), for below-reference 
sperm motility, there was a greater than additive 
interaction between monobutyl phthalate (MBP) 
and PCB-153 and a suggestive interaction 
between MBP and sum of PCBs. Due to the 
potential public health implications of interac- 
tions between these two ubiquitous types of com- 
pounds, the authors suggested that further studies 
are warranted to confirm these results and identify 
possible mechanisms of interactions [39]. 

Meeker and collaborators also investigated the 
relationships between phthalate metabolites and 
serum reproductive hormones and extended their 
previous study [69] by including a bigger sample 
size [73]. In a male population attending an infer- 
tility clinic, the authors reported an association 
between increased urinary concentration of 
mono(2-ethylhexyl) phthalate (MEHP) with 
decreased testosterone, estradiol, and free andro- 
gen index levels, showing that exposure to DEHP 
might be associated with altered steroid hormones 
in these men [73]. Recently, Mendiola et al. [74] 
investigated these associations in a population of 
fertile men. Both Meeker et al. and Mendiola et al. 
reported a significant inverse association between 
FAI levels and urinary concentrations of several 
DEHP metabolites [73-75]. 

For example, another non-organochlorine and 
non-organophosphate pesticide is abamectin, 
which is used as acaricide and nematicide [76]. 
In Turkey, a study evaluating the relationship 
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between abamectin exposure and semen quality 
among occupationally exposed farm workers was 
conducted [77]. The main results were that 
exposed men had significantly lower sperm 
motility than the nonexposed ones (p<0.05). 


Heavy Metals and Male 
Reproductive Disorders 


The human population could be exposed to heavy 
metals at trace concentrations usually through 
intake of contaminated water and food or contact 
with contaminated air or soil [78]. However, 
heavy metal exposures do not have the same 
effect in each individual [79]. Several heavy 
metals—mainly lead (Pb) and cadmium (Cd)— 
are considered reproductive toxicants and may 
adversely affect the male reproductive system 
causing hypothalamic—pituitary—gonadal axis 
disruption or directly affecting spermatogenesis, 
resulting in impaired semen quality [80]. 

One of the main mechanisms of heavy metal 
toxicity is the inhibition of some enzyme activity 
due to molecular mechanisms [81-84]. For exam- 
ple, the creatine kinase (CK) enzyme is widely 
distributed in cells which require large amounts of 
energy, like spermatozoa. Its main function is to 
provide an ATP “buffer” system [85, 86]. For its 
activity, the presence of Mg” and sulfhydryl (SH) 
groups at the CK active site is necessary [87]. 
Several heavy metals may reduce CK activity in 
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human sperm through displacement of Mg”* in 
its active site. Moreover, heavy metals could also 
act as competitive inhibitors of the human sperm 
CK enzyme [88]. 


Cadmium 


The predominant commercial use of cadmium is 
battery manufacturing [53]. Other uses include 
pigment production, coatings and plating, plastic 
stabilizers, and nonferrous alloys (Table 12.2). 
Cadmium has been recognized for its toxic 
effects on semen quality [78, 89-91]. 

In 2006, Akinloye and colleagues published 
an article on the relationship between cadmium 
exposure and infertility among normozoosper- 
mic, oligozoospermic, and azoospermic men 
from Nigeria [89]. Men with the highest concen- 
trations of Cd in seminal plasma (65 g/dL) pre- 
sented lower values of sperm counts and motile 
sperms. There was also a positive correlation 
between Cd concentrations and serum FSH levels 
(p<0.05). 

Telisman et al. conducted a study looking at 
semen quality and serum reproductive hormones 
in 149 healthy male industrial workers between 
20 and 43 years of age of Zagreb, Croatia. They 
found an impairment of the sperm morphology 
(head pathologic sperms) even with low concen- 
trations of cadmium (<1 pg/dL) measured in 
whole blood [90]. 


Table 12.2 Main products where heavy metals can be found 


In battery manufacturing, pigment production, coatings and plating, plastic stabilizers, 
In storage batteries, solders, metal alloys, plastics, leaded glass, ceramic glazes, 


In cosmetics (mascaras,) medicine (thermometers), and laboratories (mercury-vapor 


Type Uses 
Heavy Cadmium (Cd) 
metals and nonferrous alloys 
Lead (Pb) 
ammunition, gasoline, and residential paints 
Mercury (Hg) 
lamps) and as dental amalgam 
Manganese (Mn) 


Arsenic (As) 


In fireworks, dry batteries, gasoline, cosmetics, paint pigments, and medical image agent 
In medicine as treatments for syphilis, psoriasis, cancers, and mental disorders and as a 


cosmetic to lighten complexion. In alloys like semiconductors, in homicidal poisons, and 
in paint pigments and for tanning animal hides 


Molybdenum 
(Mo) 
ceramics, inks, and paints 


In metal alloys as corrosion inhibitors, hydrogenation catalysts, and lubricants; in hospital 
laboratories like chemical reagents; in batteries as semiconductor; and in pigments for 
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A study including different populations 
(infertility patients, artificial insemination 
donors, and general population volunteers) was 
conducted by Benoff and colleagues in the USA 
between 1995 and 2000, obtaining somewhat 
similar results. They found that sperm concen- 
tration, motility, and morphology were affected 
even with low seminal plasma concentrations of 
cadmium (0.028 g/dL) [91]. Similarly, low con- 
centrations of cadmium in seminal plasma 
(0.085 ug/dl) were moderately associated with 
low sperm motility in a case-control study 
including 61 Spanish men attending infertility 
clinics [78]. 


Lead 


Elemental lead is a soft, malleable, dense, blue- 
gray metal that occurs naturally in soils and rocks [53]. 
It can be found in storage batteries, solders, metal 
alloys, plastics, leaded glass, ceramic glazes, 
ammunition, etc. (Table 12.2). In the past, lead 
was added to gasoline and residential paints and 
used in soldering the seams of food cans. Lead 
was used in plumbing for centuries and may still 
be present. 

There is considerable agreement that high or 
even moderate concentrations of lead may cause 
fertility problems in humans [78, 92, 93]. A cross- 
sectional study was conducted on male partners of 
57 infertile couples attending a tertiary infertility 
center in Dhaka (Bangladesh) in order to explore 
the relationship between blood lead concentra- 
tions and sperm parameters [92]. They concluded 
that a concentration of >40 j1g/dL of lead in blood 
was associated with a significant decline of sperm 
count. In addition, they observed a significant 
lower motility and morphology with >35 g/dL of 
blood lead [92]. 

Telisman and colleagues also studied the rela- 
tion between blood lead concentrations and semen 
quality among 98 subjects with slight to moderate 
occupational exposure to lead and other reference 
group with 51 subjects [90]. The exposed subjects 
showed significantly lower sperm density and 
motility associated with higher lead concentrations 
in blood (36.7 g/dL). 
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Herndndez-Ochoa and coworkers evaluated 
environmental-lead effects on semen quality and 
sperm chromatin. Lead concentrations were 
assessed in seminal fluid, spermatozoa, and blood 
as biomarkers of exposure for urban men from 
Mexico [93]. Impairment of certain sperm param- 
eters (motility, normal morphology, and sperm 
concentration) was found, but only at low lead 
concentrations in seminal fluid (0.2 g/dL). 

Mendiola et al. also explored the relationship 
between lead exposure and semen quality in a 
case-control study carried out in Southern Spain. 
They found an inverse relationship between 
motility and levels of lead in seminal fluid 
(2.93 g/dL) [78]. 


Other Metals 


Various heavy metals have also been related with 
semen quality impairment [94-97] (Table 12.2). 
Mercury is used, for example, in cosmetics 
(mascaras), medicine (thermometers), and labo- 
ratories (mercury-vapor lamps), but inhalation of 
elemental mercury volatilized from dental amal- 
gam was a major source of mercury exposure in 
the general population [39]. Mercury exposure 
may also result in semen quality alteration [71]. 
Choy et al. [94] compared blood mercury con- 
centrations of infertile couples with those of fer- 
tile couples in a case-control study conducted in 
Hong Kong. High concentrations of total mer- 
cury (inorganic and organic) measured in whole 
blood (geometric mean: 40.6 mmol/L) were sig- 
nificantly associated with below WHO reference 
values [46] for all sperm parameters. Another 
investigation from the same research group 
reported that seminal fluid mercury concentra- 
tions were correlated with abnormal sperm mor- 
phology, as well as with abnormal sperm motion, 
in subfertile males in Hong Kong, China [98]. 
From a mechanistic point of view, in vitro 
studies have shown that SH groups in the mem- 
brane, head, midpiece, and tail of the sperm are 
sites of mercury binding [99]. Therefore, 
mitochondrial functional integrity, DNA synthe- 
sis in mitotic spindles, or the microtubule sliding 
assembly of the sperm motor apparatus are all 
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potential targets of mercury toxicity [100]. 
Besides, several studies have reported that the 
Sertoli and Leydig cells in the testis, as well as 
those outside the testis, such as in the epididymis, 
are also diverse targets of mercury toxicity [101]. 

A population-based study investigating the 
role of manganese exposure (heavy metal found 
in drinking water and gasoline, etc.) on semen 
quality was conducted on Chinese men [95]. 
The authors reported that high serum manga- 
nese levels appeared to have harmful effects on 
sperm morphology and motility among healthy 
men with nonoccupational exposure to manga- 
nese [95]. 

Also in China, a cross-sectional study of 96 
men attending an infertility clinic between 2009 
and 2010 was conducted in order to explore the 
associations between urinary concentrations of 
arsenic and semen quality [96]. Urinary concen- 
trations of an arsenic specie (dimethylarsinous, 
DMA) above the median were significantly asso- 
ciated with below-reference sperm concentra- 
tions (p=0.02) after adjusting for important 
covariates (age, body mass index, abstinence, 
smoking, and drinking habits) [96]. 

Molybdenum is present in drinking water and 
foods in low concentrations and it is used as cor- 
rosion inhibitors, hydrogenation catalysts, lubri- 
cants, and chemical reagents in hospital 
laboratories and semiconductor in batteries and 
in pigments for ceramics, inks, and paints [53]. 
Meeker and coworkers conducted a study includ- 
ing 219 males of two infertility clinics of Michigan 
in order to explore the relationship between envi- 
ronmental metal exposures and male reproductive 
function. Significant associations and dose- 
dependent relationships between molybdenum 
concentrations in blood and low sperm concentra- 
tion and morphology were found [97]. 


Conclusions 


Many toxic chemicals as pesticides and heavy 
metals have been associated with an impairment 
of male reproductive function. The negative 
effects of these compounds have been related to 
the main sperm parameters (sperm concentration, 
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morphology, motility, volume, and total sperm 
count), DNA sperm damage, as well as altera- 
tions of the reproductive hormone concentra- 
tions. Fortunately, some of these injurious 
substances have been banned in most countries 
and even globally. However, further studies are 
warranted to explore and confirm the potential 
damage of current commercial chemical sub- 
stances, and their mixtures, on human reproduc- 
tive health. 
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Introduction 


A healthy endocrine system is necessary for good 
reproductive health. Currently there is an increas- 
ing trend of endocrine-related disorders in 
humans. The speed at which this has occurred, 
rules out genetic factors as the sole cause. 
Environmental and other non-genetic factors, 
including chemical exposures may be responsi- 
ble and associations are emerging, linking these 
endocrine disrupting chemicals (EDCs) to male 
reproductive health (MRH). 

The objective of this chapter is to define an 
EDC, discuss some mechanisms of action as well 
as to give examples of EDCs and their sources. 
With this in mind, such chemicals will be linked 
to lifestyle factors and MRH. 


What Are Endocrine Disrupting 
Chemicals (EDCs)? 

Definition of an EDC 

“An endocrine disruptor is an exogenous sub- 


stance or mixture that alters function(s) of the 
endocrine system and consequently causes 
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adverse health effects in an intact organism, or its 
progeny, or (sub) populations”. The same applies 
to a potential endocrine disruptor [1, 2]. 


Mechanisms and Mode of Action 


The role of hormone action in development and 
adult physiology needs consideration to under- 
stand the potential health consequences on 
human or wildlife populations, in experimental 
systems or human epidemiology. Chemicals can 
disrupt hormone action in two possible ways: (1) 
direct action on a hormone receptor protein com- 
plex or (2) a direct action on a specific protein 
that regulates some aspect of hormone delivery to 
the right place at the right time, e.g. delivery to its 
normal target cells or tissue. Therefore, a chemi- 
cal could block the synthesis of a hormone 
(antagonist), resulting in an increase or decrease 
of the blood hormone level. This could cause a 
similar effect as a result of disease or genetic 
defects, which either leads to stimulation or inhi- 
bition of the hormone action. However, if the 
chemical interacts directly with the hormone 
receptor (agonist) the effects could be quite 
complex and would follow the mechanisms for 
hormone receptor interaction [2]. 

EDCs interfere with hormone action and can 
consequently produce adverse health effects in 
humans and wildlife. This most likely includes 
all hormonal systems, from the development and 
function of the reproductive organs, to the adult 
onset of diabetes or cardiovascular disease [2]. 
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The majority of studies have focused primarily 
on chemicals that interact with the estrogen, 
androgen and thyroid hormone systems. With 
some exceptions, hormone receptors have a high 
affinity for their natural ligand, but typically a 
much lower affinity for endocrine disruptors [2]. 
The ability to bind to the receptor is not the same 
as the ability to cause effects (i.e. potency) [2, 3]. 
There are also tissue- or cell-specific differences 
in effects of endocrine disruptors and some endo- 
crine disruptors have affinities similar or greater 
than that of the natural ligand [2]. 


Endocrine System 


Hypothalamic-Pituitary-Gonadal 

HPG Axis 

Sex determination is genetically determined in 
humans mainly by the sex-determining region Y 
(SRY) gene on the short arm of the Y chromo- 
some. Once gonadal sex is determined, the foetal 
Leydig cells produce testosterone, which induces 
development of the internal genitalia and after 
conversion to dihydrotestosterone (DHT), mas- 
culinises the external genitalia. Transinguinal 
descent is controlled by testosterone, whereas 
insulin-like-3, also produced by the Leydig cells, 
promotes trans-abdominal testis descent into the 
scrotum. The foetal Sertoli cells produce 
Miillerian-inhibiting substance (MIS), which 
prevents the Miillerian ducts from further devel- 
opment and it keeps the early germ cells dormant 
in the testis. Any disruption of these developmen- 
tal pathways commonly results in either birth 
defects or intersex disorders. 

The hormonal feedback relationships within 
the HPG axis are established during foetal devel- 
opment. Around the 12th year, puberty begins 
when the hypothalamus starts to generate 
Gonadotropin-releasing Hormone (GnRH) 
pulses, which stimulates the secretion of lutein- 
izing hormone (LH) and follicle-stimulating hor- 
mone (FSH) from the anterior pituitary. GnRH 
secretion shows rhythmic patterns namely sea- 
sonal (peaking in the spring); circadian (diurnal, 
higher testosterone levels during the early morn- 
ing hours); and pulsatile (GnRH peaking ~ every 
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90-120 min). Puberty is initiated at a critical 
growth, weight and nutritional status, and is pos- 
sibly triggered by kisspeptin (formerly metastin), 
melatonin and leptin [4]. 

The primary binding site of FSH is on Sertoli 
cells where it stimulates the production of 
androgen-binding protein (ABP), transferrin, lac- 
tate, ceruloplasmin, clusterin, plasminogen acti- 
vator, prostaglandins and growth factors. Through 
these FSH-mediated factors, seminiferous tubule 
growth is stimulated and sperm production is ini- 
tiated. In humans, at puberty, FSH is essential for 
the initiation of spermatogenesis; while it stimu- 
lates quantitatively normal levels of spermato- 
genesis in the adult [5]. Sertoli cells also produce 
inhibin and activin. Inhibin inhibits FSH release 
by its negative feedback on the pituitary and 
hypothalamus. Activin, a testis protein with close 
structural homology to transforming growth 
factor-B (TGF-B), exerts a stimulatory effect on 
FSH secretion [6]. 

LH binds to the Leydig cells to induce testos- 
terone production. Testosterone is converted in 
most peripheral tissues, except in the testis and 
skeletal muscle, to DHT by the action of 
5a-reductase or to estradiol through the action of 
aromatases. Testosterone feedback occurs mainly 
at the level of the hypothalamus, whereas estro- 
gen’s feedback is at the level of the pituitary [7]. 
It appears as if testosterone is the primary regula- 
tor of LH secretion, while estradiol (along with 
inhibin from Sertoli cells) is the predominant 
regulator of FSH secretion [8]. 

Prolactin, also an anterior pituitary hormone, 
is responsible for stimulating milk synthesis dur- 
ing pregnancy and lactation in women. The phys- 
iological role of prolactin in men is not clear, but 
it may help to sustain normal, high intra-testicular 
testosterone levels and enhance the effects of 
androgens on the growth and secretions of the 
male accessory sex glands [9, 10]. Patients with 
hyperprolactinemia often present with lack of 
libido as the primary symptom. 


Vulnerable Periods 

Developing organs are particularly sensitive to 
fluctuations in hormone levels, and subsequently 
exposure to EDCs during critical window periods 
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of development may cause irreversible effects. 
These affects may not be obvious at birth, but 
only become evident in adulthood. Currently crit- 
ical developmental periods include during foetal 
development, perinatal life, childhood and 
puberty. However, there may be other develop- 
mental windows of increased susceptibility that 
will need to be addressed such as delayed effects 
manifesting with ageing are not included either 
and needs further research [11-13]. 


Dose-Response Relationships 

EDCs challenge traditional concepts in toxicol- 
ogy, particularly the common saying of “the dose 
makes the poison”. EDCs can have effects at low 
doses that are not predicted by effects at higher 
doses. Natural hormones act at extremely low 
serum concentrations, usually in the pico- to 
nanomolar range, while EDCs can act in nano- to 
micromolar range, but some even show activity at 
picomolar levels [2, 14]. Natural hormones and 
EDCs produce non-linear dose-responses; the 
simplest form is a sigmoidal shape. The non- 
linear dose response occurs because hormones 
act on receptors, which are limited in number and 
the response itself can become saturated [2]. 
However, hormones and EDCs can also produce 
non-monotonic dose-responses (NMDRs), in 
which the slope of the curve changes sign from 
positive to negative or vice versa at some point 
over the course of the dose-response curve [14]. 
With regard to EDCs, low dose exposure and 
NMDR curves are inter-related concepts [14]. 


Low Dose-Response 

The National Toxicology Program (NTP) evalu- 
ated the scientific evidence on low dose effects 
and NMDR relationships for EDCs in mamma- 
lian species [15]. The NTP defined low dose 
effects as “biologic changes that occur in the 
range of human exposures or at doses lower than 
those typically used in the standard testing para- 
digm of the USA Environmental Protection 
Agency (EPA) for evaluating reproductive and 
developmental toxicity”. The panel of experts 
verified that low dose effects were observed for a 
multitude of endpoints for specific EDCs that 
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included diethylstilbestrol (DES), genistein, 
methoxychlor and nonylphenol (NP) [14, 15]. 
In the review by Vandenberg et al. [14] the 
authors give a number of examples of low dose 
effect studies on Bisphenol-A (BPA). 


Non-monotonic Dose-Response Curves 

Non-monotonic dose response curves (NMDRCs) 
are often a U-shape or inverted U-shape, also 
sometimes referred to as biphasic dose response 
curves because responses show ascending and 
descending phases in relation to dose [2, 14]. For 
example, foetal mice were exposed to low or high 
doses of the synthetic estrogen, DES, and their 
adult prostate weights were relatively low, while 
intermediate doses of DES resulted in signifi- 
cantly heavier prostates [16]. NMDRs have been 
reported in both animal and cell cultures for more 
than a dozen natural hormones and more than 60 
EDCs, recent research has suggested that this can 
be extrapolated to population levels. As yet, the 
mechanisms to explain these non-monotonic 
effects at the population level have not yet been 
identified, it is important to know that these dose 
response characteristics are expected due to hor- 
mone action and endocrine disruption [2]. 


Mixture Effects 

Humans and wildlife are exposed to mixtures of 
multiple EDCs [17] as opposed to single/individ- 
ual chemicals. There is good evidence that sev- 
eral EDCs can work together to produce combined 
effects [18]. When evaluating the toxicity of 
chemicals their effects are usually considered in 
isolation with “tolerable” doses derived from data 
on one single chemical. These assumptions are 
flawed when exposure is to a mixture of chemi- 
cals. This is especially the case when the chemi- 
cals involved contribute to the same effect, for 
example the combined action between estradiol 
and other chemicals capable of mimicking the 
hormone’s action [2]. The “something from 
nothing” concept implies that EDCs combined in 
sufficient numbers and concentrations produce 
substantial estrogenic effects that on their own do 
not elicit measurable effects; or may even lead to 
doubling the effects of the hormone [19]. 
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Sources of Exposure 


An individual’s aggregate EDC exposure or EDC 
exposure profile is determined by how much con- 
tact they have with each pathway of exposure, 
which in turn is affected by the individual’s life- 
style choices [20]. 


Occupational 


It is important that a patient consulting for infer- 
tility is screened for his occupational and envi- 
ronmental history. For example, work in 
agricultural or pest control sectors that routinely 
use pesticides increase an individual’s aggregate 
exposure to EDC pesticides [20-23]. Other 
examples of occupations with probable exposure 
include electricians, workers in the plastics 
industry, electricians, painters, cleaners, printers, 
hairdressers, dentists, textile and laboratory 
workers. A useful summary is found in Van 
Togeren et al.’s publication indicating examples 
of occupation with the potential substance [23]. 
Children are also at risk from occupational expo- 
sure, an example of this is where one or both par- 
ents worked in agriculture or who lived near 
farms growing soya or maize. These children had 
far higher exposure levels of organophosphate 
pesticides than children from non-agricultural 
families used as controls [24]. 


Non-occupational 


We are inadvertently exposed to EDCs. One of 
the most common important routes of exposure is 
the use of pesticides in the home environment 
[25, 26]. Pesticides like the organophosphates, 
carbamates and pyrethroids have replaced the 
older organochlorines for residential pesticide 
control [27]. Whyatt et al., found that pesticide 
use can be correlated with one or more housing 
problems, e.g. peeling or flaking paint, holes in 
ceilings and walls, water damage, leaking pipes, 
visible mould and lack of heating or electricity in 
the preceding 6 months [20, 27]. Another exam- 
ple of exposure could be phthalate dust particles 
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found in vinyl tiles and furniture coverings [28]. 
When assessing variations in exposure values 
and health effects to a particular chemical, 
emphasis on individual lifestyle factors should be 
considered [28]. 


Recreational 


Travel and recreation also provide a number of 
potential routes of exposure. When travelling 
in aircraft between certain countries to prevent 
the spread of insects and disease vectors pyre- 
throids are routinely sprayed inside the aircraft 
cabin [20, 29]. In this case both passengers and 
flight crew are exposed to these compounds 
[30]. Gardeners, pet owners and household 
do-it-yourself projects often use EDC pesti- 
cides or impregnated products such as gardens 
sprays, flea collars, wood preservatives and 
wall paper pastes, and glues [20, 31-33]. Other 
recreational activities that may be responsible 
for exposures include applications of EDCs to 
maintain golf courses, sports fields or nearby 
agricultural activities [34, 35]. 


Lifestyle Related 


People who consume a diet containing a high 
proportion of organic food have less pesticide 
exposure from food residues than those who do 
not [36, 37]. Children on organic had lower pes- 
ticide exposures than those fed conventional diets 
[36]. People who consume oily fish, meat and 
dairy products are likely to receive a higher dose 
of the older and more persistent compounds, such 
as organochlorines, due to the bioaccumulation 
of some persistent lipophilic pesticides such as 
dichlorodiphenyldichloroethane (DDE) and other 
dichlorodiphenyltrichloroethane (DDT) break- 
down products in the fat, than people who eat 
predominantly vegetable-based diets [38, 39]. 
Infants and children receive disproportionately 
large exposures to some organochlorines and 
newer less persistent pesticides from dietary 
sources because their diets generally contain a lot 
of fruit and vegetable products. They also eat 
more per unit bodyweight than adults [40]. 
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Major Chemicals of Concern 
Persistent Organic Pollutants 


Persistent organic pollutants (POPs) are organic 
compounds that are often halogenated and charac- 
terized by low water solubility and high lipid solu- 
bility. To varying degrees, they resist photolytic, 
biological, and chemical degradation [41]. The 
majority of the POPs in the Stockholm Convention 
(http://chm.pops.int) are known as EDCs. Due to 
their estrogenic or anti-androgenic activity, they 
may have disrupting effects on male reproductive 
activity [42]. These include the following chemi- 
cals DDT, dieldrin, toxaphene, chlordane and sev- 
eral industrial chemical products and by-products, 
including polychlorinated biphenyls (PCBs), 
dioxins and furans [41]. POPs (e.g. PCBs and 
DDT) have been banned in many countries for 
several decades, but are still global pollutants 
because of their persistence. This presents a chal- 
lenge with regard to limiting exposure to humans 
and wildlife [2] and future monitoring. 


Polychlorinated Biphenyls 

PCBs were produced from 1929 until the 1980s 
to use as sealants in building, insulating agents in 
transformer oils and capacitators and heat trans- 
fer agents [2]. PCBs are part of a group of syn- 
thetic organic chemicals containing about 200 
individual compounds/congeners [43]. PCB 
exposure was also linked to semen quality and 
especially reduced sperm motility [44-48]. 


DDT, DDE 

DDT is a persistent, widespread environmental 
contaminant found in most regions of the world 
and at high concentrations in countries where it is 
still used for malaria vector control [2]. DDT has 
been banned in the USA, Western Europe, Japan 
and many other countries since the early 1970s 
[49]. The Stockholm Convention has given exemp- 
tion for the production and public health use of 
DDT for indoor residual spraying for malaria vec- 
tor control, mainly because of the absence of 
equally effective and efficient alternatives [2]. 
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Technical-grade DDT is a mixture of p,p’-DDT 
(~85 %), o,p'-DDT (~15 %) and 0,0’-DDT (trace 
amounts), with both p,p’-DDT and o,p'-DDT having 
estrogenic activity. The persistent metabolite p,p’- 
dichlorodipheny]-dichloroethylene (p,p’-DDE), also 
a widespread environmental contaminant [50], is 
anti-androgenic by inhibitive binding to androgen 
receptors [51] and has been shown to inhibit the 
action of testosterone [52-54]. The hypothesis is that 
p.p'-DDE interacts in an additive or multiplicative 
way with other DDT compounds as an endocrine- 
disruptive environmental pollutant [50]. 


Alkylphenols 


Alkylphenolethoxylates (APEs) are widely 
used surfactants in domestic and industrial 
products. They are found in domestic deter- 
gents, pesticide formulations and industrial 
products. Octylphenolethoxylates (OPEs) and 
nonylphenolethoxylates (NPEs) are two of the 
most common surfactants in the marketplace. 
These compounds and their metabolites such as 
nonylphenol (NP), octylphenol (OP) and alkyl- 
phenolmono- to tri-ethoxylates (NPE1, NPE2 
and NPE3) are commonly found in wastewater 
discharges and in sewage treatment plant (STP) 
effluents [55]. These metabolites are more toxic 
than the parent compounds and interact with the 
estrogen receptor and are able to mimic natural 
hormones [56-59]. In a South African study, 
atypical germ cells were encountered in the tes- 
tes of wild eland, although detailed morpholog- 
ical examination for carcinoma in situ (CIS) 
was not possible. Testicular microlithiasis and 
neoplastic lesions were also reported in these 
animals, while at the same high body burdens 
of environmental pollutants, in particular, alkyl- 
phenols were measured [60]. 


Nonylphenol 

Nonylphenol (NP) is used in the manufacturing 
of surfactants and plastics [61]. It is found in 
food, food packaging materials, cleaning prod- 
ucts, skin care products, environmental water 
samples and drinking water [61—63]. The toxic 
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effects of NP on aquatic life were first reported 
by Giger and co-workers [64], while Soto et al. 
[56] observed its capability to induce breast 
tumour cell proliferation. NP was found to mimic 
the natural hormone 17f-estradiol by competing 
for the binding site of the estrogen receptor. The 
environmental impacts of NP include feminiza- 
tion of aquatic organisms and decreased male fer- 
tility [56]. The European Union banned NP in 
2003 because of its high toxicity to invertebrates 
and estrogenic activity in vertebrates [65]. 


Bisphenol-A 

As early as 1936 Dodds and Lawson reported on 
the estrogenic properties of BPA (2,2-bis-(4- 
hydroxyphenyl)propane). Today BPA is pro- 
duced in excess of six billion pounds per year 
[66]. It is found in the resin lining of metal cans, 
dental sealants [66] and in many plastic consumer 
products including toys, water pipes, drinking 
containers, eyeglass lenses, sports safety equip- 
ment, medical equipment, tubing and consumer 
electronics [14, 67]. 

A limited number of epidemiological studies, 
investigating the exposure of BPA, are referred 
to in the World Health Organization (WHO) 
review on the Toxicological and Health effects 
of BPA [68]. These studies investigated the 
association of urinary BPA concentrations with 
semen quality. They varied in their sample pop- 
ulation: men who were partners of pregnant 
women in the USA (i.e. fertile men) [69], male 
partners in infertile couples that were patients in 
an infertility clinic [69, 70] and workers with 
occupational exposure to BPA in China [71]. All 
three studies reported associations of increased 
urinary BPA concentration with one or more 
measures of reduced semen quality. With the 
limited human and toxicological evidence, fur- 
ther studies on the association of BPA with 
semen quality are recommended. 


Phthalates 


Phthalates are industrial chemicals used as sol- 
vents, additives and plasticizers (compounds that 
increase the flexibility and resilience of plastic 
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products) in vinyl flooring, adhesives, detergents, 
lubricating oils, solvents, automotive plastics, 
plastic clothing, personal care products, medical 
equipment and pharmaceuticals, plastic bags, 
garden hoses, inflatable products and children’s 
toys [72]. There are a number of compounds in 
this group which includes dimethyl phthalate 
(DMP), diethyl phthalate (DEP), dibutyl phthal- 
ate (DBP), dicyclohexylphthalate (DCHP), di-n- 
octyl phthalate (DOP), di-2-ethylhexy] phthalate 
(DEHP), di-isononyl phthalate (DiNP) and benz- 
ylbutyl phthalate (BzBP), which is commonly 
called butyl benzyl phthalate (BBP) [72, 73]. 

Exposure to phthalates is consistent as they 
are ubiquitous in the environment. A possible 
reason for this may be due to the fact that as plas- 
ticizers they are required to remain unbound to 
plastic, thereby facilitating leaching of the chem- 
ical into the surrounding environment [74]. 
Exposure occurs through ingestion, inhalation, 
dermal and direct contact routes [73]. 

In the USA, the National Health and Nutrition 
Examination survey conducted between 1999 
and 2000, found that more than 75 % of the popu- 
lation sampled had four phthalate metabolites 
present in their urine; MEP, MEHP, mono-benzy] 
phthalate (MBzP) and mono-n-butyl phthalate 
(MBP) [75]. Phillips and Tanphaichitr [43] 
reviewed several human studies that investigated 
phthalate exposure and semen quality. These 
studies investigating phthalate levels and semen 
quality [46, 76, 77] suggest that the effects are on 
sperm morphology and motility, rather than on 
total sperm numbers. Urinary phthalate metabo- 
lite measurements indicated a level of exposure, 
but may not reflect exposure of the testicular and 
reproductive tissue compartments [43]. 


Insecticides/Pesticides 


The generic term “pesticide” refers to a broad 
range of structurally unrelated compounds with 
different mechanisms of action, biological targets 
and target pests [43, 78]. Pesticides cover a wide 
variety of compounds with different targets (e.g. 
herbicides, fungicides and insecticides) and 
chemical compositions [42]. They are used to 
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protect crops, landscape and in the control of pest 
populations. Human exposure occurs during 
occupational use and from environmental con- 
tamination of food, water and air. The persistence 
and bioaccumulation ability of pesticides use 
years ago have led to the development of com- 
pounds with a shorter half life [42]. 

There are currently chemical mixtures avail- 
able to control insects, weeds, fungi or other 
pests that are non-persistent pesticides as opposed 
to persistent pesticides that have been banned 
from use in most countries (e.g. OC pesticides 
such as DDT). Three common classes of non- 
persistent pesticides are used; organophosphates, 
carbamates, and pyrethroids, although environ- 
mentally non-persistent extensive use results in 
the general population being exposed at low lev- 
els [79]. Studies have suggested associations 
between non-persistent pesticide exposure, 
mostly occupational, involving simultaneous 
exposure to several pesticides and reduced semen 
quality [79]. 


Organophosphate Insecticides 

A small study on male partners of pregnant 
women [80], found elevated odds ratios for poorer 
semen quality in relation to urinary concentrations 
of alachlormercapturate, 2-isopropoxy-4-methy]- 
pyrimidinol (diazinon metabolite), atrazine mer- 
capturate, 1-naphthol (carbaryl and naphthalene 
metabolite) and 3,5,6-trichloro-2-pyridinol (chlor- 
pyrifos metabolite). 


Metals 

A number of metals and metalloids are known 
endocrine disruptors responsible for disrupting a 
whole host of hormone pathways. Metals are 
present in rocks, soil, ground and surface water 
but are also used in commercial products or are 
released into the environment during mining and 
metal smelting, the production of electricity 
using fossil fuels and waste incineration. 
Cadmium, arsenic, lead and mercury have all 
been identified as metals with endocrine- 
disruptive properties. Metal exposure can target 
the following steroid receptor pathways: estro- 
gen, progesterone, testosterone, corticosteroids 
and mineralocorticoids. They can also target the 
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receptors for retinoic acid, thyroid hormone and 
peroxisome proliferators (PPAR) [2]. 


Other Potential/Suspected EDCs 


Biocides 

Approximately 350 tons of triclosan [81], commer- 
cially known as Irgasan DP 300 or Irgacare MP, are 
presently used annually as an antimicrobial sub- 
stance in many products in Europe. Increased 
demand and successful marketing of hygiene prod- 
ucts for household use has increased the market for 
the use of triclosan as an antimicrobial agent. It is 
found in toothpaste, mouthwash, soaps, as well as in 
household cleaners and even in textiles, such as 
sportswear, bed linen, shoes and carpets [82]. 

In aquatic environments, triclosan attaches 
mainly to the surface of suspended solids and 
sediments and it also bioaccumulates in organ- 
isms. There are not many studies on the effects of 
triclosan; however, it disrupts steroidogenic 
enzymes involved in the production of testoster- 
one and estrogen. This may lead to reduced repro- 
ductive success in both males and females [2]. 


Male Reproductive Health Effects 
(Including Possible Explanations 
for Different Results) 


Interference with male sex determination and 
sexual differentiation (masculinisation) is a key 
concern for “endocrine disruption”, especially as 
the masculinisation process is completely hor- 
mone dependent. Moreover, testicular develop- 
ment during masculinisation is partly hormone 
dependent and may possibly also be at risk area 
for endocrine disrupter exposure [83]. 


Hypospadias 


Insufficient male hormone and/or an imbalance 
between female and male hormones (more estro- 
gen than androgen) during critical developmental 
periods trigger male reproductive endocrine 
disorders. These may affect sexual differentia- 
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tion (malformations such as cryptorchidism and 
hypospadias) and/or maturation during puberty 
[84—86]. Cryptorchidism and hypospadias also 
share risk factors such as being small-for- 
gestational age factors [87-89]. The imbalance 
and subsequent adverse effects may not be pres- 
ent at birth, but only become evident later in life. 
These disorders often occur simultaneously and 
Skakkebek et al. [90] suggested that the increas- 
ing occurrence of hypospadias, undescended tes- 
tes (UDT), male infertility and testicular cancer 
may reflect a single underlying condition, termed 
testicular dysgenesis syndrome (TDS) [91]. 

Hypospadias develop when there is incom- 
plete closure of the urethral folds leaving a split 
on the penis and the opening on the underside of 
the penis or in the perineum instead of at the tip [92]. 
In distal hypospadias the urethra opens on the 
glans or corona of the penis. These may be 
missed, because a physiological phimosis at birth 
may hide the abnormality until such time as the 
foreskin can be retracted behind the glans [87]. 
There is concern that the incidence of hypospa- 
dias has increased in various regions of Australia, 
Europe and the USA [88, 93, 94]. 

The sad outcome after DES was used to treat 
threatening miscarriage in pregnant women and 
resulted in genital malformations, including 
hypospadias and cryptorchidism, was a wakeup 
call to consider and address the impact of foetal 
exposure to hormone active substances (endo- 
crine disruption; reviewed by Toppari et al. [84]). 
The sons born after in utero DES exposure have a 
higher prevalence of hypospadias than other men, 
suggestive of possible trans-generational effects 
via epigenetic mechanisms [95-97]. 

Maternal, but not paternal occupational expo- 
sures, showed an elevated, marginally significant 
risk to develop hypospadias [98]. Sons born to 
mothers on vegetarian diets had an increased risk 
of hypospadias [99], while they had a decreased 
risk if the mothers had fish or meat during preg- 
nancy [100]. In a large case-control study of 
boys operated on for hypospadias, Christensen 
et al. [101], demonstrated that frequent consump- 
tion of high fat dairy products (milk, butter) 
during pregnancy instead of rarely or never 
choosing the organic alternative was associated 
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with increased odds of hypospadias. Subfertility 
and the use of assisted reproductive techniques 
increase the risk of hypospadias [102-106]. 

The risk associated with exposure to pharma- 
ceutical sex steroids other than DES is not clear. 
Although the risk of hypospadias was associated 
with the use of progestins [107, 108], a later meta- 
analysis could not demonstrate any association 
between exposures to sex steroids (excluding 
DES) during the first trimester [109]. Progestins 
are available on the US market as prevention for 
threatening miscarriage and should offer an oppor- 
tunity to clarify a possible role of progestin in 
hypospadias [110]. Anti-androgenic pesticides and 
fungicides are of concern in animal models, but as 
of yet their role and effect is not clear in humans. 


Undescended Testes 


Congenital cryptorchidism or UDT is the most 
common birth defect in newborn boys. The inci- 
dence is between 1 and 9 % [2] and it has increased 
in many countries [87]. The cryptorchid testis 
may be non-palpable (abdominal) or high scrotal 
and must be distinguished from retractile testis 
[111]. The higher intra-abdominal temperature is 
toxic to germ cells and any other position than 
normal may render it more prone to injury. UDT 
may be part of complex disorders and various 
chromosomal abnormalities [87], but maternal 
exposure to DES and polybrominated diphenyl 
ethers (PBDEs) and pesticides, except for DDE 
and DDT, and PCBs have been associated [2]. No 
associations were found with exposure to indi- 
vidual pesticides, emphasizing the need to include 
mixture assessment in epidemiological and labo- 
ratory investigations as all humans are exposed to 
various chemicals at the same time [2, 87]. 
Approximately 90 % of untreated men with 
bilateral cryptorchidism develop azoospermia 
and men with unilateral UDT also have unpre- 
dictable fertility [112]. Surgical correction of 
bilateral cryptorchidism in boys between the ages 
of 10 months and 4 years result in normal sperm 
count in 76 % of cases compared to 26 % when 
boys were surgically treated between the ages of 4 
and 14 years [113]. The risk to develop testicular 


13 Endocrine Disruptors and Male Infertility 


cancer is 4—6-fold higher in men with cryptorchi- 
dism [89, 114] and three times higher in boys 
with unilateral cryptorchidism than in their 
respective counterparts [115]. Corrective surgery 
for UDT (orchidopexy) makes it more easily pal- 
pable, but does not lower the cancer risk [87]. 


Testicular Cancer 


Testicular cancer is a relatively rare cancer, but it is 
the most prevalent cancer in young men and, 
therefore, scrotal examination of men in an infer- 
tility setting is crucial. The highest rates are documented 
in industrialized countries, predominantly in west- 
ern and northern Europe as well as Australia and 
New Zealand [2]. Furthermore, the prevalence of 
testicular cancer has doubled in the last 40 years, 
mainly in Caucasians. Reports documented that 
both seminomas and non-seminomas increased by 
1-6 % per annum. These trends are influenced by 
birth cohort, with increasing risk for each genera- 
tion of men born from the 1920s until the 1960s. 
For some of the high risk countries, it appears that 
the rate of increase has slowed over time and in 
several countries the most recent testicular cancer 
incidence rates have decreased slightly [2]. 

The specific pathophysiology of testicular 
germ cell tumours (TGCTs) is not clear, but there 
is ample evidence that in CIS testis, the precursor 
cells for all types of TGCTs arise during foetal 
development and is called the foetal origin of 
TGCTs [116]. CIS seems to develop when Sertoli 
and Leydig cells, during development, failed to 
orchestrate the normal differentiation of the pri- 
mordial germ cells into spermatogonia [116, 
117]. These failures may not only result in 
TGCTs, but also in impaired spermatogenesis, 
cryptorchidism, hypospadias and other disorders 
of sexual development [85]. 


Male Infertility 


Male infertility may be attributed to a number of 
causes [43], which includes genetic and congeni- 
tal abnormalities, infection, multi-systemic dis- 
eases, varicocele and others; however, most cases 
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have no known etiology [43]. Exposure to envi- 
ronmental chemicals contained in pesticides, 
food sources, plastics, electronics and other 
synthetic materials are the suggested causes for 
the global changes in semen quality [118]. 

In infertile men the majority of cases of poor 
semen quality are not linked to cryptorchidism 
and hypospadias. Recent evidence from studies 
of anogenital distance (AGD) in men indicate 
that poorer semen quality is associated with a 
shorter AGD, indicating that the low sperm count 
in some cases could have a prenatal origin, even 
if it is not accompanied by undescended testis 
and/or hypospadias [119, 120]. 


Sperm Count 

A low sperm count (oligozoospermia) increases 
the likelihood of a male being infertile, especially 
if his female partner also shows reduced fertility 
[121]. In 1992, a meta-analysis published by 
Carlson et al., indicated that sperm counts had 
declined by approximately half. This was rein- 
forced by even more studies [80]; however it also 
resulted in much debate [11, 122]. A coordinated 
prospective study of young men (18-25 years) in 
seven European countries found the average 
sperm count to be low, with 20-25 % below 20 
million/mL [123-126]. Geographical variations 
were also seen between countries and different 
parts of the same country [2, 127]. The question 
of declining sperm count continues to elicit con- 
troversial debate [122, 128]. 

Adult EDC studies investigating adverse 
effects on sperm production are useful in that 
the exposure and effect are concurrent [11, 
129, 130]. Studying adult effects theoretically 
allows insight into which EDCs can affect the 
foetal testis and the potential relevance to TDS 
[11]. Caution should be exercised when 
extrapolating from one to the other as sper- 
matogenesis does not occur in the foetal testes 
and the EDC effects may be fundamentally 
different from those that occur in adulthood 
[11]. Once exposure ceases, the EDC effects 
on the adult testis are likely to “self-correct”’, 
especially if they involve hormonal changes. 
For foetal EDC effects, the opposite is gener- 
ally considered to be the case [11]. 
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A significant amount of toxicology data based 
on laboratory and wildlife animal studies show- 
ing that exposure to certain EDCs is associated 
with reproductive toxicity, that included abnor- 
malities of the male reproductive tract (cryptor- 
chidism, hypospadias), reduced semen quality 
and impaired fertility in the adult can be found in 
Phillips and Tanchaiphitr’s review [43]. Lifestyle 
factors such as cocaine [131], anabolic steroids 
[132, 133], alcohol [133, 134] and tobacco [135, 
136] exposure may also lower sperm counts 
resulting in impaired fertility [137]. 


Sperm Motility 

Sperm motility is believed to be one of the most 
important semen parameters correlated with fer- 
tility [138-140]. 

A number of epidemiological studies have 
been published examining the effects of DDT and 
metabolite exposure on MRH supporting the 
hypothesis that DDT exposure is related to 
reduced semen quality. A study of 195 Swedish 
fishermen showed a weak inverse association 
between serum p,p'-DDE and sperm motility 
[141]. A study in Mexico of non-occupationally 
DDT exposed men in a malaria endemic area 
found an association between higher p,p’-DDE 
plasma levels (mean unadjusted p,p’-DDE: 
245 pg/L; mean lipid adjusted: 45 ug/g) and 
reduced sperm motility [142]. A similar study in 
the Limpopo Province in South Africa found that 
levels of p,p’-DDE, which were 5 times higher 
than those in the Mexico study (mean lipid 
adjusted: 215.47 ug/g), resulted in lower semen 
volume, total sperm count, progressive motility 
and viability [138]. In another study it was found 
that p,p’-DDT serum levels of a group of occupa- 
tionally exposed DDT male Malaria Control 
Centre workers were negatively associated with 
sperm motility and sperm count [143]. These find- 
ings were similar to other PCB studies [44—46]. 


Sperm Morphology 

The WHO [144] states that the fertilization rates 
in vitro will be reduced if the morphology is less 
than 15% normal forms. Disruption during sper- 
matogenesis can result in impairment of sperm 
condensation, motility and morphology [138, 
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142, 145]. In a randomized controlled study 
of men with unexplained infertility, there was a 
negative correlation between seminal plasma 
phthalate ester concentration and sperm mor- 
phology [76]. Similarly, reductions in sperm 
motility and morphology exhibited a dose depen- 
dence on urinary MBP levels and MBzP levels in 
infertility patients. Urinary levels of mono- 
methyl phthalate (MMP; 7.5 ng/mL) were weakly 
associated with poor sperm morphology [146]. 
The study investigating occupational DDT expo- 
sure reported a mean normal morphology score 
of 2.5+1.8 %, with 84 % of the morphology 
scores being below the WHO (1992) and 
Tygerberg strict criteria [143]. In non-occupa- 
tionally exposed men a significantly high propor- 
tion of the participants presented with 
teratozoospermia (99.5 %), and the mean normal 
morphology was 4.13+2.70 %, also well below 
the WHO (1999) reference range. Cytotoxic 
effects, such as the production of superoxide 
anion and activation of various intracellular sig- 
nal transduction pathways, might explain the sig- 
nificant decrease in normal morphology [76]. 


DNA Damage 

There are detrimental developmental conse- 
quences due to environmentally mediated DNA 
damage to spermatozoa which can lead to 
impaired embryonic development, abortion 
and the induction of abnormalities in the off- 
spring such as childhood or testicular cancer 
[147]. Aitken et al. [147] emphasized that 
damage to a father’s sperm—either genetic, 
affecting the DNA sequence itself, or other- 
wise perturbing DNA function through epigen- 
etic mechanisms—can be responsible for 
diseases in his offspring, as well as being itself 
a cause of infertility or early loss of pregnancy. 
The increased rates of childhood cancers as a 
result of heavy paternal smoking [148] are 
thought to be mediated by oxidative damage to 
the DNA in the father’s sperm and thereby 
affect the health and well-being of the ensuing 
children [147]. Over exposure to reactive oxy- 
gen species results in oxidative injury, excites 
oxygen-containing molecules, generated as a 
by-product of cell metabolism and the intracel- 
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lular processing can attack and damage DNA 
[147] leading to infertility [149]. 


Testicular Dysgenesis Syndrome 


TGCT often occurs in subjects with hypospadias, 
cryptorchidism and/or low semen quality, sug- 
gesting these are risk factors for one another [111, 
150]. These pathologies were linked together as a 
single underlying disorder, termed TDS, which 
originates during foetal life [151, 152] and is 
caused by chemical exposures. Research in rodent 
models is particularly helpful to identify chemi- 
cals that interfere with male reproductive develop- 
ment. It also aided in the discovery of the male 
programming window and demonstrated the irre- 
versible nature of the subsequent events. The male 
offspring produced by these studies has demon- 
strated that all of the constituent elements of TDS 
can be induced in the rat, as in men, with the 
exception of TGCTs. These models should be 
particularly useful for assessment of anti-andro- 
genic pesticides and fungicides. 


Prostate Cancer 


Many prostate cancers can be detected in an early 
curable stage by digital rectal examination 
(DRE), which should be performed in every male 
for infertility evaluation and especially in men 
older than 40 years of age. Prostate cancer is the 
second most common cause of male cancer 
deaths after age 55 years and the most common 
cause of cancer deaths in men older than 70 years 
[153]. The estimated lifetime risk of disease is 
16.72 %, with a lifetime risk of death at 2.57 %, 
with African-Americans at highest risk [154]. 
The increased availability of prostate-specific 
antigen (PSA) for routine screening of prostate 
cancer may partly explain the trend [155]. 
Changes in prostate cancer incidence among 
migrant populations and studies of twins show 
that environmental factors, including diet and 
chemical exposures, also contribute to prostate 
cancer risk [156, 157]. Unhealthy western life- 
styles such as smoking and physical inactivity and 
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consumption of calorie-dense food may be par- 
ticularly detrimental [158]. Although estrogens 
and androgens play a role in normal prostate 
development [159], estrogen exposure during foe- 
tal life sensitizes the prostate to the development 
of hyperplasia and cancer later in life (reviewed by 
[160, 161]). Epidemiological studies have identi- 
fied occupational chemical exposure during pesti- 
cide application in agriculture [162, 163], and 
pesticide manufacture [164] as issues of concern. 

Some PCB congeners, including CB-138, 
-153 and -180 [165, 166] and cadmium exposure 
have been linked to prostate cancer in several, but 
not all epidemiological studies [157, 167-169]. 
However, arsenic exposure is strongly associated 
with prostate cancer [170, 171]. The exact mech- 
anism by which these chemicals induce carcino- 
genesis is not clear, but in view of the discussion 
above on the effects of estrogen, androgen and 
anti-androgen on the prostate, similar effects 
from these chemicals seem likely. 


Foetal Onset of Adulthood Disease 


The concept of TDS is based on the premise that 
the associated symptoms have a common origin 
in foetal development, and that the extent and 
severity to which they are manifested is depen- 
dent on the degree to which normal developmen- 
tal processes have been perturbed. In addition, it 
assumes that any perturbations occurring during 
the male programming window are irreversible 
and have lifelong implications for the affected 
individual and, potentially, also for their off- 
spring. Although there is good evidence that each 
of the diseases comprising TDS have strong 
genetic components, Skakkebek et al. [90] noted 
that the majority of baby boys born with these 
symptoms lacked the expected genetic aberra- 
tions, indicating that environmental factors must 
play an important role in the etiology of these 
phenomena. Hormonal perturbations, arising 
from EDC exposures, have been widely impli- 
cated in the causation of TDS in humans, and 
also in the widespread reports of reproductive 
dysgenesis in wildlife, between which there are 
obvious parallels, as well as clear distinctions. 
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General Health Effects That May 
Affect MRH 


Systemic diseases and ejaculatory dysfunction 
may be partly or entirely the cause of impaired 
male fertility. Certain medications may have a 
further negative effect on sperm function. If the 
physician is content to make a diagnosis on the 
semen analysis report without listening to the 
patient and taking a thorough history or looking 
for specific signs (examination), significant con- 
ditions may be overlooked. Unfortunately, this 
may lead not only to inappropriate management, 
but also to the loss of an opportunity to make a 
difference to the short- and long-term prognosis 
of both reproductive and general health. 


Discussion and Conclusions 
Key Points 


The concept of endocrine disruption is no lon- 
ger limited to estrogenic, androgenic and thy- 
roid pathways. As it becomes clear that some 
chemicals can also interfere with metabolism, 
fat storage, bone development and the immune 
system, indicating that all endocrine systems 
can and will be affected by EDCs. We need 
further research to more comprehensively 
assess how EDCs affect normal endocrine 
function, and how these effects may be passed 
on to future generations [2]. 


Strengths and Limitations of Chapter 


Although this chapter includes the most recent 
information, the content is limited to what has 
been published, which for obvious reasons are 
not the complete picture. 


Knowledge Gaps 
There is very little epidemiological evidence to 


link EDC exposure with adverse pregnancy out- 
comes, early onset of breast development, obesity 
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or diabetes. There are also data on foetal EDC 
exposures and adult measures of semen quality. 
Likewise, no studies explored the potential link 
between foetal exposure to EDCs and the risk of 
testicular cancer occurring 20—40 years later. 
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Introduction 


Infertility is a term used to describe a couple 
who cannot achieve pregnancy after attempting 
to do so for a year without the use of contracep- 
tives. Though technology has progressed at a 
frightening pace, it is estimated that nearly half 
of couples seeking infertility treatment unwill- 
ingly remain infertile. Unexplained male infer- 
tility (UMD) is defined as the reproductive state 
of a couple who is infertile despite displaying 
both male and female fertility parameters within 
the ranges regarded to as normal and able to suc- 
cessfully reproduce [1]. UMI prevalence is esti- 
mated between 6 and 27 %. Intensive research 
has been initiated, by several different sources, 
attempting to identify the possible causes of 
UMI. Possible causes such as genetic, molecular 
and morphologic deficiencies have been identi- 
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fied and researched. Few theories have, however, 
successfully provided significant results in 
proving an identifiable cause or viable treatment 
strategy. Thus, future hopes of naturally conceiv- 
ing could remain an elusive ideal for many couples 
suffering from UMI. 

Over the last 50 years, seminal quality has 
gradually deteriorated, raising concern amongst 
researchers over the possible connexion between 
this occurrence and UMI. Intensive research has 
been launched into the changing environmental 
and lifestyle conditions to which the human body 
is exposed over a lifetime. Industrial development 
and evolving lifestyles cause the reproductive sys- 
tem to be bombarded with toxins, environmental 
exposures and unhealthy lifestyle choices from 
initial development (gestational and pre-pubertal) 
right through to maturity (adulthood). Such exter- 
nal factors can induce morphologic-, genetic- and/ 
or oxidative impairment of reproductive tissues 
and functions. A process known as spermatogen- 
esis is very sensitive to external influences and is 
easily affected, leading to adversely affected 
semen parameters [2]. One such external factor is 
ionizing radiation (IR). The effects of IR on repro- 
duction are of growing concern as the number of 
people exposed to radiation via medical proce- 
dures, environmental exposures, air travel and 
industrial occupations increases. 

This chapter aims to address the issue of IR and 
its effect on male reproduction, briefly discussing 
some possible sources of IR as well as some bio- 
logical effects succeeding IR exposure [3, 4]. 


211 


DOI 10.1007/978-1-4939-1040-3_14, © Springer Science+Business Media New York 2014 


212 


lonizing Radiation 


IR is defined as an amount of adequate energy to 
ionize the medium through which it passes. It 
comprises either a string of short-wavelength 
electromagnetic radiation (X-rays, gamma rays, 
cosmic rays) or a sequence of high energy parti- 
cles (alpha-particles, electrons, neutrons) [5]. 
Microwaves, radio waves, ultraviolet rays, infra- 
red rays and radiant heat waves are generally not 
regarded as IR. Chronic exposures to any of the 
above can, however, produce enough energy in 
the form of heat to cause similar effects as caused 
by IR [6]. IR is produced by any nuclear source 
(artificial or natural) that can cause the accelera- 
tion of particles at high states of energy such as 
lightning or the supernova reactions of the sun. 
Typical sources of radiation that are of concern to 
humans are classified as natural and artificial 
sources. Natural sources include naturally occur- 
ring radionuclides, gamma rays from the decay 
of uranium in earth, Radon gas decay products in 
the atmosphere and cosmic rays from outer space. 
Artificial sources include X-rays from medical 
procedures, radionuclides found in food and 
drink, radioactive waste and gamma rays pro- 
duced as by-products in the nuclear industry and 
fallout products from atmospheric nuclear 
testing. IR can be extremely harmful on a molec- 
ular level by either transferring energy to the par- 
ticles of the substance or by causing the release 
of secondary electrons as a result of the ionizing 
process. In a biological setting IR can be detri- 
mental to cellular function as it can lead to the 
secondary emission of an electron from the water 
(H2O) molecule leading to the formation of a 
highly reactive oxygen species, better known as a 
free radical. Free radicals can have severe effects 
on biological tissue due to their oxidizing/reduc- 
ing capabilities [7]. The average radiation which 
a person is exposed to anywhere on the globe is 
2.8 mSv (milliSievert). The maximum amount of 
IR to which the body can be exposed is depen- 
dent on the type of radiation received, the pattern 
of radiation received and the target tissue in the 
body. The maximum total uniform radiation 
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which the body can be exposed to, when all the 
organs receive maximal tissue-specific radiation, 
with minimal risk of harmful effects is 18.5 mSv. 
Most Westernized societies have adopted an 
occupational maximum of 15 mSv [8—10]. 


Sources of lonizing Radiation 
Natural Sources 


IR is present throughout the natural world (see 
Fig. 14.1). Radioactive cosmic rays constantly 
reach the earth; radioactive Radon gas is present 
in the atmosphere; and the earth itself is radioac- 
tive. While these sources are the main source of 
radiation exposure to most people, researchers 
believe this radiation has been present since the 
early ages and it would seem that since man and 
animals have evolved in its presence, it does not 
present a risk to global health. These exposures 
are, however, geographically specific and can 
vary to such an extent as to be of consequence to 
the health of certain regional inhabitants. Such 
high exposures should be noted by physicians 
and inhabitants alike when assessing health of the 
general population. Natural radiation is respon- 
sible for roughly 2.1 mSv of the 2.8 mSv of radia- 
tion to which the average person is exposed. 


Cosmological 

Cosmic rays are radioactive protons and parti- 
cles from outer space, which come in contact 
with the earth at a constant rate. Such particles 
are commonly created by the sun during pro- 
cesses such as solar flares. These protons and 
other charged particles are affected by the earth’s 
magnetic field and thus occur in higher fre- 
quency at higher latitudes. As they enter the 
atmosphere, they also enter complex reactions 
and are absorbed by atmospheric particles. Thus, 
prevalence of these particles also decreases with 
decreasing altitude. The bulk of the earth’s popu- 
lations live at lower altitudes and experience 
relatively low doses of radiation. Exceptions are 
communities living at high altitudes, such as those 
living in the Andes, Rocky Mountains or the 
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Fig. 14.1 Sources of 
ionizing radiation 
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Sources of lonizing Radiation Average Global Annual Dose (mSv) 

Natural 
Cosmological Exposure 0.4mSv 
Environmental Exposure 1.7mSv 

Artificial 
Medical Imaging and Therapy 0.4mSv 
Occupational Exposure 1.3mSv 
Diet 0.3mSv 
Environmental Exposure 0.007mSv 
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Himalayas. These communities may be exposed 
to radiation levels at several times higher annual 
doses than those living at lower altitudes. 
Cosmologic radiation exposure amounts to about 
0.4 mSv per person globally [9, 10]. 


Environmental 
All materials from which the earth’s crust is con- 
structed contain radionuclides necessary for 
maintenance of internal temperatures. This 
energy is harvested mainly from the decay of 
Uranium and its radio isotopes, which are found 
in all rocks and soils, to a lesser radioactive form 
of the element lead. These nuclides radiate peo- 
ple with gamma rays more or less at a constant 
rate, contributing the greatest fraction of the 
2.4 mSv of natural radiation to which the average 
person is exposed. Building materials, also of 
course consisting of substances extracted from 
the earth, are radioactive and expose people to 
radiation. The dose of such radiation varies 
remarkably and is influenced by both the style of 
building and natural geology unique to that 
region. In places where the earth is naturally 
abundant in radionuclides, such as India, France 
and Brazil, people may experience up to 20 times 
the average global earth-related radiation. 
Building in such areas would of course be unad- 
visable but ultimately impossible to prohibit. 
One such product of the decay of Uranium is 
the radioactive gas Radon. Radon is exposed to 
the atmosphere where it then further decays into 
more reactive isotopes. The immediate products 
of the decay of Radon have relatively short half- 
lives but combine with particles in the air. Radon 
concentration outdoors are negligibly low due to 
the dispersion of the particles in the air. However, 
indoors, the gas enters a building through the 
floors and concentrates in the building especially 
if the building is not well ventilated. This prob- 
lem is an especially notable issue in areas of cold 
weather, such as Finland, where houses are built 
to retain heat. When such nuclides are inhaled they 
expose the lungs to alpha-radiation and increase 
lung cancer prevalence. Natural environmental 
radiation exposure amounts to about 1.7 mSv per 
person globally [9, 10]. 
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Artificial Sources 


The Westernized world has expanded at a rapid 
pace over the last 100 years developing industry 
and technology and changing lifestyles in terms 
of diet, medical procedures, waste disposal and 
occupations. First and third-world country devel- 
opments have all inevitably led to increased radi- 
ation exposure. Artificial radiation is responsible 
for roughly 0.7 mSv of the 2.8 mSv of radiation 
to which the average person is exposed. 


Medical Imaging and Therapy 

IR has two uses in the medical field: diagnosis 
and therapy. In the field of medical diagnostics, 
the most common of radiation procedures, X-ray, 
is used by an expert to diagnose a condition or 
pathology. X-rays entail radiation from a machine 
passing through different tissues in the body and 
being visualized electronically due to the differ- 
ence in radiation absorption of different tissues. 
This type of procedure is termed diagnostic radi- 
ology and is commonly used to visualize the 
chest, teeth and limbs. Another less common 
form of diagnostics entails the administration of 
radionuclides to a patient and the external imag- 
ing of internal bodily processes. Administration 
takes place in the form of ingestion, injection or 
inhalation of a pharmaceutical carrying a radio- 
nuclide which is then tissue or organ specific for 
visualization. The radionuclides emit gamma 
rays which are then observed by a gamma ray 
detector. This type of procedure is termed nuclear 
medicine and can also be used as a form of treat- 
ment. Nuclear medicine is usually used to visual- 
ize the function of a specific tissue or organ or 
used to treat conditions such as hyperthyroidism. 
Radiation levels in such diagnostic procedures 
are relatively low, but can be increased substan- 
tially to treat malignant cells. 

In cases where radiation beams are used to 
treat a medical condition or pathology, by irradi- 
ating the affected tissue, the procedure is termed 
radiotherapy. Radiotherapy is of cardinal impor- 
tance to modern day medical practitioners, as it is 
used to treat certain forms of cancer and alleviate 
associated stress. Radiation beams consisting of 
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X-rays, electrons or gamma rays are directed at a 
malignant tissue, from several directions to mini- 
mize peripheral tissue damage, in an attempt to 
kill the compromised cells. Radiotherapy is how- 
ever a slightly ambiguous treatment as it can 
often cause tissue malignancy in other tissues 
after treating a specific tissue. Radiotherapy also 
utilizes high levels of radiation and can affect the 
hereditary status of an individual resulting in 
adverse effects for subsequent generations. Most 
people that undergo radiotherapy, therefore, are 
usually past reproductive age and past the age 
where secondary delayed cancers are a viable 
risk. Radiotherapy is also only used when the 
chances of a cure or symptom relief are good, the 
side effects are minimal and other treatments 
would not be as effective. Medical radiation 
exposure amounts to approximately 0.4 mSv per 
person globally, but will of course increase expo- 
nentially for a person undergoing a radiation 
procedure [9-14]. 


Occupational Exposure 

Occupational exposure to IR occurs in two 
settings: occupational exposure to naturally 
occurring IR and occupational exposure to artifi- 
cially induced IR. Artificial sources of occupa- 
tional IR are commonly found in industry, 
research, power-generating plants and medical 
care [15]. Natural sources of occupational IR are 
commonly found in the mining industry and air 
travel. In the artificially induced IR industries, 
there are about 800,000 workers in the nuclear 
industry and over 2,000,000 workers in the medi- 
cal radiology industry globally. These workers are 
at highest risk of IR exposure. As mentioned ear- 
lier in the chapter, the earth contains significant 
amounts of decomposing Uranium. Geological 
sites that contain more than 1,000 parts per mil- 
lion of Uranium are regarded to be economic min- 
ing prospects for nuclear uses, thus exposing the 
workers to significant amounts of IR. The average 
annual dose of IR exposure to people in the ura- 
nium mining industry is 4.5 mSv. Other occupa- 
tions also exposing workers to high annual levels of 
IR are medical isotope production, 1.9 mSv, radi- 
ography, 1.6 mSv and nuclear reactor occupations 
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with 1.4 mSv average annual exposure. Most 
occupations involving such an active IR risk 
require personnel to monitor their particular IR 
exposure by way of some form of electronic- or 
thermoluminescent device. This helps industry 
and government officials manage the overall 
annual average of personnel that are occupation- 
ally exposed to IR so they may attempt to restrict 
it to less than 2 mSv per worker globally. The 
average in the nuclear industry is still slightly 
higher than this average, but global doses have 
declined remarkably in the last decade due to 
these precautions [8—10, 16, 17]. 

In the naturally induced IR industries, some of 
the workers at highest risk are metal mining per- 
sonnel. This occurrence is caused by insufficient 
ventilation and Radon gas build-up in the metal 
mines rather than exposure to metals. As men- 
tioned earlier in the chapter, IR exposure is 
affected by altitude. Thus aircraft travel increases 
exposure to cosmic rays and subsequent IR at a 
dramatic rate. A passenger on an intercontinental 
flight may experience up to 100 times the dose of 
radiation than a person on the ground, posing a 
significant risk for frequent flying business indi- 
viduals and regular flight crew. The annual aver- 
age exposure for flight personnel is around 3 mSv 
but it could increase to twice that amount if regu- 
larly involved with long flights at high altitude 
[18, 19]. Occupational radiation exposure is neg- 
ligible to the average person not working with 
radiation on a day-to-day basis but is of concern 
to workers in the nuclear industry and flight 
industry and amounts to an annual average of 
about 1.3 mSv per worker globally. 


Diet 

Radionuclides are also present in food and drink. 
Lead, polonium and potassium are all present in 
the environment and the natural diet and are thus 
a source of radiation. On average, the human 
body is exposed to 0.3 mSv annually from dietary 
sources. This figure varies immensely, however, 
between individuals. A young man, for example, 
is exposed to twice as much radiation than an 
elderly lady due to dietary absorption. This is 
due to the fact that more than half of the dietary 
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radiation source is made up of potassium and 
thus is biologically controlled and dependent on 
amount of muscle mass. Diet-associated radiation 
exposure amounts to about 0.3 mSv per person 
globally [9, 10]. 


Environmental 

There are also sources of radiation present in the 
earth’s atmosphere which are artificially created. 
Nuclides originating from nuclear tests, the 
Chernobyl accident and discharge of nuclear 
waste into the atmosphere by nuclear plants and 
military installations disperse into the atmo- 
sphere, the water, the ground and food and drink 
and thus are a source of radiation. The testing of 
nuclear weapons causes several nuclides to be 
exposed to the atmosphere. There were about 500 
tests conducted before the limited test treaty was 
signed in 1963. Since then environmental con- 
centrations of nuclides have decreased substan- 
tially. The average annual dose has decreased 
from 0.1 to 0.005 mSv. 

The Chernobyl nuclear accident on 26 April 
1986 at the Chernobyl nuclear plant in Ukraine 
caused the exposure of an enormous amount of 
radiation to the atmosphere over a period of 10 
days. This radioactive material dispersed 
throughout Europe and exposure was exacer- 
bated in certain areas by heavy rainfall. Radiation 
exposure led to the deaths of 31 people, primarily 
emergency workers, who were exposed to exter- 
nal doses of between 3 and 16 Sv. Over 200 
people were hospitalized, of which 109 were 
diagnosed with acute radiation sickness. Over 
100,000 people were relocated from communities 
in Ukraine, Belarus and Russia and serious 
restrictions were implemented to prohibit people 
from living in areas where fallout exposure was 
highest [20-25]. 

Radionuclides discharged by nuclear power 
plants and military installations are exposed to 
the atmosphere in significant quantities to be 
regarded a source of radioactive materials to the 
general public. Nuclear power plants contribute 
about 20 % of the world’s electricity. During each 
stage of the nuclear fuel cycle, several nuclides in 
the form of matter are released to the environ- 
ment. These doses are normally low, about 1 pSv, 
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but have to be constantly measured and regulated. 
Many military installations in the past and pres- 
ent have worked with ammunition utilizing 
depleted uranium. Depleted uranium occurs in a 
concentrated metallic form when found in muni- 
tions. Radiation exposure could take place when 
handling such spent munitions or inhaling such 
vapours and dust after the detonation of such muni- 
tions. Exposure doses can be as high as 2.5 mSv/h. 
There is active concern amongst researchers and 
the public over the possible adverse health effects 
both to military personnel and people living in 
recent war zones [26-30]. Artificial environmental 
annual radiation amounts to about 0.007 mSv per 
person globally. 


Effects of lonizing Radiation 
on the Male Reproductive System 


lonizing Radiation-Induced 
Oxidative Stress 


The human body consists of a finely balanced 
interaction between pro- and antioxidants. 
Intracellular homeostasis is achieved when pro- 
oxidants, which consist of free radicals and anti- 
oxidants, the body’s natural scavenging 
capability, are maintained in balance. Free radi- 
cals are short-lived atoms or molecules that con- 
tain one or more electrons with unpaired spin 
(31, 32]. Within the context of reproductive biol- 
ogy, the following chemical intermediates have 
been recognized as the predominant reactive oxi- 
dizing agents: peroxyl radical (ROO), hydrogen 
peroxide (H,0,), superoxide anion (0,-) and the 
hydroxyl radical (OH~) [33], all of which are 
natural by-products of normal physiological pro- 
cesses [34-36]. ROS elicits a bio positive influ- 
ence when maintained at low concentrations; 
however, excessive concentrations that over- 
whelm the natural defence mechanisms can result 
in damage to biomolecules and a state of oxida- 
tive stress (OS) [31, 34]. All cellular components, 
including nucleic acids, lipids and proteins are 
potentially OS targets as a result of supra- 
physiological concentrations of ROS [32]. Due to 
the fact that free radicals predominantly attack 
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Fig.14.2 Effects of radiation exposure on the male reproductive status. ROS reactive oxygen species 


the closest stable molecule, which subsequently 
turns that specific particle into a free radical; 
ROS can be involved in a cascade of reactions 
which can damage a wide variety of biomole- 
cules [35, 37]. 

Exposure of the body to external influences 
such as IR can cause the onset of a state of OS, 
which can result in a variety of damaging cellular 
effects (See Fig. 14.2). OS results from an exces- 
sive generation of reactive oxidizing species 
(ROS) accompanied by a lack of inactivation of 
these free radicals. IR causes results in the forma- 
tion of HO and H atoms as a result of the decom- 
position of H,0, which leads to an imbalance in 
the antioxidant capability of the cells [38]. 
Studies have also demonstrated that high concen- 
trations of ROS can negatively impact crucial 


steps in the steroidogenic pathway [39]. Human 
spermatozoa are uniquely sensitive to OS, which 
targets these cells vulnerable to states such as 
IR. The natural defence system of scavenging 
antioxidants can be overwhelmed and basic 
semen parameters are negatively affected. A state 
of OS can induce nucleic acid damage, oxidation 
of proteins, lipid peroxidation and ultimately cell 
death [40]. 


Mechanism of Cell Injury Due to IR 


Developmental Injury 

(Spermatogenesis) 

The damaging effect of exposure to IR can be 
attributed to the high radio-sensitivity of the male 
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reproductive tissue. Data collected from 
American research projects conducted in the 
1970s, which included prisoners who volun- 
teered to have exposure of their testicles to X-ray 
radiation, showed the damaging effect on male 
fertility [12]. In 1986, Martin et al., reported the 
first findings from a study to demonstrate that an 
increase in chromosomal abnormalities may be a 
result of exposure to radiation [41]. The male 
testes are identified as one of the most radio- 
sensitive organs, and the germinal epithelium, 
as well as the spermatogonia known to be incred- 
ibly sensitive to radiation exposure [24, 42]. IR is 
responsible for the apoptotic and mitotic death 
of spermatocyte cells and spermatogonia [24]. 
Spermatogenesis can be described as “a well- 
organized and sequential developmental and 
differentiation process” [7]. This particular bio- 
logical feature is the only process in mammals 
whereby meiosis happens in the adult state [43]. 
The pachytene stage of meiosis, whereby chromo- 
somal cross over occurs, is recognized to be incred- 
ibly sensitive to xenobiotic influences which 
includes IR [41]. Low doses such as 0.15—0.5 Gy 
can cause suppression of the spermatogenesis pro- 
cess and a significant decrease in the sperm count, 
whereas long-lasting or permanent azoospermia 
can result from 2 Gy or more [42, 44]. 


Molecular Injury 

DNA damage from IR can be a result of the fol- 
lowing two mechanisms: firstly, the direct inter- 
action of DNA with ionizing particles and 
secondly, through the indirect reaction which 
occurs in the area encircling the DNA whereby 
the particle generates an increase in free radicals 
[45]. The result can include an excessive occur- 
rence of single- and double strand DNA breaks 
[46, 47], chromosomal rearrangements [48, 49], 
chromatin cross-linkage and DNA base oxidation 
[50]. DNA integrity can be termed as “the 
absence of both single strand and double strand 
and break absence of nucleotide modifications in 
the DNA” [51]. Despite spermatozoa DNA being 
remarkably resilient against denaturation from 
chemical or physical influences, strand breaks 
within the doughnut-shaped DNA is indicative of 
a decline in the functional capacity [52]. 


P.J. Maartens et al. 


When assessing the reproductive potential of 
the male partner, the analysis of sperm DNA 
integrity offers a comprehensive insight beyond 
the parameters established by the WHO [51]. 
With the burden of infertility increasing, it has 
been estimated that amongst the couples experi- 
encing idiopathic infertility, sperm DNA frag- 
mentation was a causative factor behind 20 % of 
the cases [53]. The sperm plasma membrane, 
made up of redox-sensitive polyunsaturated fatty 
acids (PUFA), is particularity vulnerable to OS as it 
can cause peroxidation of the lipids [32, 54, 55]. 
The predominant PUFA is docosahexaenoic acid 
and peroxidation induced by IR-induced OS can 
result in permeability of the plasma membrane 
[31, 34, 56] which causes decreased fluidity [36]. 
This peroxidation process results in a loss of 
motility, which compromises successful oocyte 
fertilization. 


Hypothalamic-Anterior Pituitary- 
Testicular Axis 

In addition to the high sensitivity of the testes to 
irradiation and the subsequent damaging effects 
that exposure may cause on the male fertility sta- 
tus, the production of the sex steroids are also 
under influence. Exposure of the body to radia- 
tion may compromise the male’s fertility status 
as a result cranial irradiation damaging the 
central nervous system, which includes the 
hypothalamic—pituitary-gonadal_ system [57]. 
Spermatogenesis is a system under endocrine 
feedback regulation by the hypothalamus (See 
Fig. 14.3). The hypothalamus is responsible for 
the increased neuron activity that causes the 
secretion of the gonadotropin releasing hormone 
(GnRH) [58]. The GnRH acts upon the anterior 
pituitary (also termed the adenohypophysis) 
which contains the cells that secrete the following 
two gonadotropins: the luteinizing hormone 
(LH), also known as the interstitial cell stimu- 
lating hormone, and the follicle stimulating hor- 
mone (FSH) [58]. The hormones are 
glycopeptides consisting of two peptide chains 
(alpha and beta) and are required for the com- 
pletion of the process to yield motile spermato- 
zoa capable of successful oocyte fertilization [57]. 
FSH is a pituitary hormone essential for the final 
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Fig. 14.3 Effect of ionizing radiation on the hypothalamus-anterior pituitary gonadal-axis. FSH follicle stimulating 


hormone, LH luteinizing hormone 


phase of the transformation of the haploid 
spermatids to spermatozoa. The hormone acts on 
the Sertoli cells of the testis and the release of 
FSH is controlled through a negative feedback 
system. The system is controlled by the hormone 
inhibin, which is peptide growth factor that is 
secreted from the Sertoli cells and regulates the 
anterior pituitary’s secretion of the gonadotropin 
[58]. Upon exposure of the Sertoli cells to radia- 
tion, spermatogenesis is impaired and the 
concentration of FSH released by the anterior 
pituitary increases [59]. 

The second hormone involved in the feedback 
regulation of spermatogenesis is the LH. This 
pituitary hormone promotes the secretion of tes- 
tosterone by the Leydig cells, which are the 
interstitial cells situated between the seminifer- 
ous tubules [58]. The release of sex steroid tes- 
tosterone acts on the Sertoli cells to stimulate 
spermatogenesis, as well as maintaining the 


hormone-dependent secondary sexual character- 
istics. Exposure to radiation at concentrations as 
low as 0.78 Gy may elicit temporary azoosper- 
mia, and doses exceeding 2 Gy can cause irre- 
versible azoospermia [8]. Comparatively, the 
Leydig cells have been shown to have a higher 
resistance to radiation [60]. As testosterone is 
responsible for feedback control on the secretion 
of LH at both the hypothalamus and pituitary 
gland, IR-induced damage will result in compro- 
mised testosterone release as well as compensa- 
tory increase in the level of LH [59]. 


Future Research 

Treatment for patients undergoing radiation or a 
combination of chemotherapy and radiation pro- 
tocols have been identified as being vulnerable 
to conditions such as renal failure, cardiovascu- 
lar disease, as well as infertility [60]. With the 
use of IR in medical scenarios, there has been a 
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Table 14.1 Recovery period of spermatogenesis following 
exposure of the testes to ionizing radiation 


Radiation Time to recovery (return of the patient’s 
dose sperm concentration prior to radiation) 
<1 Gy 9-18 months 

2-3 Gy 30 months 

>4 Gy >5 years 


heightened concern of azoospermia and temporary 
or permanent infertility [44]. Despite advance- 
ments in cancer treatments that offer increased 
survival rates for individuals diagnosed with the 
condition of malignancy, it has been approxi- 
mated that up to two-thirds will experience long- 
term adverse health consequences [56, 60, 61]. 
The testes are protected during the time that the 
male patient is exposed to radiation for medical 
treatment. However, certain cases of IR therapy 
can result in substantial damage to the reproduc- 
tive system such as whole body irradiation prior 
to bone marrow transplantation and IR of malig- 
nant cells in the testes [60]. Men undergoing 
radiation therapy for rectal, prostate and testicu- 
lar cancer are treated with high-dose pelvic irra- 
diation. This form of site-specific treatment can 
cause permanent damage to the function of the 
testes as well as erectile dysfunction [52]. 
Patients with testicular cancer and Hodgkin’s 
lymphoma were shown to have sperm DNA 
damage for up to a period of 2 years following 
IR therapy [44, 62]. 

The dose and duration of radiation therapy 
predict the cytotoxic effects that may be elicited. 
With studies focusing on the effects of cancer 
treatment on the fertility status of male patients, 
it was shown that the dosage and sperm 
production were directly proportional with 
decreased sperm production starting approxi- 
mately 60-80 days following IR exposure [63]. 
A study which examined the effects of graded 
doses of IR on the recovery of spermatogenesis, 
which was considered as the period taken for the 
individuals sperm to return to the concentration it 
was before IR exposure, is represented in 
Table 14.1. From the collection of data focusing 
on infertility as a result of IR exposure, the risk 
for sterility was localized to doses in excess of 
40 Gy [63]. Men undergoing radiation therapy 
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are advised to abstain from impregnating their 
partner for 12—18 months following the exposure 
to IR as the effects that gonadotoxic agents may 
have on spermatozoa are not fully understood 
[64]. Advances in assisted reproductive technol- 
ogy (ART) have offered the hope of preserving 
the fertility status of male patients undergoing 
radiation treatment through the cryopreservation 
of semen samples [64]. ART has progressed 
significantly over the years and advancements 
such as in vitro fertilization (IVF) and intracyto- 
plasmic sperm injection (ICSI) allow for a degree 
of assurance to male partners. This is due to the 
fact that even if the sperm removed from a semen 
sample and prepared for ICSI have parameters 
such as poor motility can be implanted into the 
ovum to fertilize the oocyte upon reaching the 
cytoplasm [64]. With the introduction of cryo- 
preservation, it has been shown that sperm can 
maintain functional capacity for successful oocyte 
fertilization for up to a period of 28 years [65]. 
With the threat of compromised spermatogen- 
esis as a result of cytotoxic therapy, research has 
been initiated to protect and preserve germ cells 
in the testes exposed to IR. One such approach 
has been the retrieval and harvesting of spermato- 
gonial stem cells from testicular tissue prior to 
treatment. This stem cell transplantation method 
has been shown to be effective in restoring sper- 
matogenesis in studies utilizing rodent models 
[60]. The second example of preserving fertility 
has been the approach of testicular allografting 
whereby cloned donor mice testicular tissue was 
extracted and transplanted into recipient mice’s 
testes. After a period, the donor germ cells were 
shown to have colonized the donor mouse’s sem- 
iniferous tubules and in some rodents, spermato- 
genesis had been induced [66]. At present, 
cryopreservation is the only viable option avail- 
able to men undergoing radiation therapy [60]. 
The challenging aspect of studying the effects of 
IR exposure on the male reproductive profile is 
the obvious ethical considerations. There remains 
a limited amount of experimental data that has 
investigated the potential toxic effects of IR on 
the male fertility status [12] and the vast majority 
of the studies have been conducted on experi- 
mental animal models. The monkey and rodent 
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spermatogenesis process and molecular response 
of testicular tissue to IR has been found to be 
significantly similar to humans; therefore, the 
investigation into long-term exposure to IR on 
the fertility status has been conducted in primates 
and rodents [64]. 


Conclusion 


Compromised fertility can be attributed to a 
range of causative factors contributed by both 
partners. The male’s fertility status has been esti- 
mated to play a crucial role in the observed failed 
fertilization rates, with up to a third of the cases 
of reported sub-fertility being solely contributed 
by the male partner [2]. With the past 50 years 
having displayed the deterioration of seminal 
quality, it is crucial to isolate the impacting fac- 
tors responsible for this phenomenon. With the 
twenty-first lifestyle, humans are exposed to a 
range of lifestyle, environmental and industrial 
factors that can insult the reproductive profile, for 
example obesity, smoking, and exposure to IR. 
The effects that exposure to radiation can elicit 
on spermatogenesis through the generation of OS 
and hormonal impacts, the risk for transient or 
permanent infertility is possible. 
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Part Ill 
Other Factors Affecting Male Fertility 


Yagil Barazani and Edmund S. Sabanegh Jr. 


Introduction 


Despite modern advances in the understanding 
and treatment of male infertility, almost a quarter 
of men with infertility still have an idiopathic 
cause [1]. In part, the etiology of male factor 
infertility is so challenging to define because it is 
a polygenic multifactorial disease with a hetero- 
geneous phenotype. Moreover, it is probable that 
many cases of gonadal dysfunction result from a 
combination of genetic susceptibility to subfertil- 
ity and certain environmental factors [2]. 

While a number of epigenetic factors have 
been implicated as potential causes of male infer- 
tility such as environmental pollutants and social 
habits [3], infertility can also be an unintended 
consequence of medical treatment. This includes 
both pharmacologically mediated male infertility 
and spermatogenic impairment resulting from 
treatment with ionizing radiation. Knowledge of 
these reproductive effects is crucial in the man- 
agement of male patients trying to conceive 
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because it allows for identification of modifiable 
risk factors and selection of agents less likely to 
adversely affect male fertility. 

This chapter is designed to highlight the iatro- 
genic causes of male infertility, including the 
untoward reproductive consequences of both 
medical and radiation therapies. In doing so, our 
goal is threefold: (1) to help prevent treatment- 
related infertility in patients with a desire to con- 
ceive, (2) to help diagnose iatrogenic causes as 
part of a comprehensive male infertility evalua- 
tion, and (3) to help clinicians identify patients at 
high risk for infertility due to essential treatments 
with whom options for fertility preservation such 
as cryopreservation should be discussed prior to 
initiating treatment. 


Complications of Medical Therapy 


Multiple drug classes adversely affect male fertil- 
ity, their effects generally being dependent on the 
specific drug, dose, and length of exposure. 
Detailed information about the known human 
reproductive risks of various agents is available in 
the Physicians’ Desk Reference and in a number 
of databases including the REPRORISK® System. 

While a wide variety of medications are known 
to negatively impact male fertility, these agents 
all exert their effects through one of several basic 
mechanisms [4—6]. The first of these (pre-testicu- 
lar) consists of alterations to the hypothalamic- 
pituitary-gonadal (HPG) axis. For example, HPG 
axis feedback mechanisms can be interrupted by 
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Table 15.1 Medications That Negatively Impact Male Fertility 


Altered 
Medication HPG axis 
Antihypertensives 
Thiazide diuretics - - 
Spironolactone + - 
Beta-blockers - - 
Calcium channel blockers - - 
Alpha-adrenergic blockers - - 
Psychotherapeutic agents 
Antipsychotics + - 
Tricyclic antidepressants + - 
MAOIs = - 
Phenothiazines + - 
Lithium - - 
Chemotherapeutic agents - + 
Hormones 
Anabolic steroids 
Testosterone 
Antiandrogens 
Progesterone derivatives 


+++ + 4+ 


Estrogens 
Antibiotics 

Nitrofurantoin + + 

Erythromycin - + 

Tetracyclines - - 

Gentamicin - + 
Miscellaneous medications 

Marijuana 

Opiates 

Cimetidine 

Cyclosporine 

Colchicine - - 

Finasteride/dutasteride -= - 
Treatments for IBD 

Sulfasalazine + + 

Methotrexate - + 

Infliximab - + 


Gonadotoxic 


Post-testicular 


Fertilization 
potential 


Erectile 
dysfunction 


Decreased 
libido 


+ ++ 
l 


MAOIs monoamine oxidase inhibitors, IBD inflammatory bowel disease, + effect present, — effect not present 
[Adapted from Nudell DM, et al. Common medications and drugs: how they affect male fertility. Urol Clin North Am. 


2002;29:965-973. With permission from Elsevier] 


hormonal therapies, administration of exogenous 
hormones, and various psychotherapeutic agents 
that alter concentrations of gonadotropins or tes- 
tosterone [4]. The second basic mechanism (tes- 
ticular) refers to direct gonadotoxic effects. 
Medications that damage germ cells, supporting 
Sertoli cells and/or Leydig cells, invariably impair 


spermatogenesis [4]. Finally, post-testicular 
mechanisms describe agents that exert effects on 
libido, erectile function, and/or ejaculation, 
thereby interfering with the deposition of semen 
in the female reproductive tract [4, 5]. 

Table 15.1 summarizes the various classes 
of drugs known to adversely affect male 


15 Risks from Medical and Therapeutic Treatments 


reproduction; it would be prudent for clinicians 
to consider a patient’s desire for future fertility 
prior to prescribing any agent listed. This table 
classifies each medication according to the 
mechanism(s) by which it exerts its effects (pre- 
testicular, testicular, or post-testicular) and will 
serve as a framework to organize the detailed 
review that follows. 


Pre-testicular (Endocrine 
Disturbances) 


Spermatogenesis requires feedback-controlled, 
pulsatile secretion of gonadotropin-releasing 
hormone (GnRH), gonadotropins (FSH/LH), and 
testosterone by the hypothalamus, pituitary, and 
testes, respectively. Any medication that perturbs 
the reproductive axis at one or more of these lev- 
els has the potential to compromise gonadal 
function. While only 3-20 % of infertile men 
are found to have an underlying endocrinopa- 
thy [1, 7-9], multiple classes of medications 
interfere with the HPG axis and contribute to 
endocrine-derived subfertility. 


Exogenous Hormones, Antiandrogens, 
and GnRH Agonists 

Exogenous hormonal steroids (e.g., testosterone, 
progesterone derivatives, and estrogens), antian- 
drogens, and constitutive GnRH agonists all 
adversely affect male fertility by directly target- 
ing the HPG axis, as illustrated in Fig. 15.1 [4, 6]. 
Some of these agents are prescribed specifically 
to produce a castrate state (as in the treatment of 
prostate cancer or hormone replacement therapy 
for transsexuals), and therefore impaired gonadal 
function is the goal. Other medications like exog- 
enous androgens, however, suppress gonadal 
function inadvertently. 

Exogenous testosterone supplementation, 
whether medically prescribed or used recreation- 
ally, paradoxically inhibits spermatogenesis [1]. 
This effect results directly from negative feed- 
back by testosterone on the HPG axis, reducing 
FSH/LH and subsequently intratesticular testos- 
terone levels. Drops in intratesticular testoster- 
one can lead to oligospermia/azoospermia, 
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testicular atrophy, and an increased percentage 
of morphologically abnormal sperm [10]. This 
hypogonadism is usually reversible within 3-6 
months of discontinuation but occasionally may 
be irreversible [4]. Thus, testosterone replace- 
ment therapy should be avoided in hypogonadal 
men attempting to conceive, and alternative 
agents like clomiphene or tamoxifen may be 
considered instead [1]. 


Antiepileptics 

Epilepsy itself may directly influence the HPG 
axis, leading to decreased testosterone and 
increased estrogen levels [4, 11]. However, a 
number of antiepileptic drugs such as valproate, 
oxcarbazepine, and carbamazepine may exacer- 
bate these hormonal effects and affect semen 
quality as well [4, 12]. A study of men with epi- 
lepsy taking valproate or carbamazepine as 
monotherapy revealed significantly lower FSH 
values than age-matched controls. Moreover, 
valproate-treated patients had significantly higher 
dehydroepiandrosterone levels and lower FSH/ 
LH concentrations compared with the controls 
[13]. In addition to these effects, anticonvulsants 
are known to increase sex hormone-binding glob- 
ulin (SHBG) levels and decrease the testosterone/ 
SHBG ratio, thereby influencing levels of bio- 
available testosterone [1, 13]. 

Animal studies have demonstrated impaired 
semen quality with the use of various anticonvul- 
sants [14], and these effects have been mirrored 
in human studies as well. For example, men tak- 
ing carbamazepine, oxcarbazepine, and valproic 
acid are more likely to demonstrate morphologi- 
cally abnormal sperm (e.g., sperm-head abnor- 
malities), poor sperm motility, and/or low sperm 
concentration compared to controls [12, 14]. 


Psychotherapeutic Medications 

Many psychotherapeutic agents including selec- 
tive serotonin reuptake inhibitors (SSRIs), 
monoamine oxidase (MAO) inhibitors, antipsy- 
chotics, phenothiazines, tricyclic antidepres- 
sants (TCAs), and lithium can affect male 
fertility by reducing libido and impairing erectile 
function and/or ejaculation [1, 4]. These will be 
discussed further under “Post-testicular Causes.” 
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Fig. 15.1 Adverse effects of estrogens and progesterone derivatives on the hypothalamic-pituitary-gonadal axis. 
Abbreviations: GnRH gonadotropin-releasing hormone, FSH follicle-stimulating hormone, LH luteinizing hormone 


However, several classes of psychotherapeutic 
agents can also impair fertility more directly by 
significantly suppressing the HPG axis; this sec- 
tion will highlight these pre-testicular effects. 


Antipsychotics 

Infertility secondary to hyperprolactinemia is a 
well-known side effect of traditional antipsychotic 
agents [15, 16]. Neuroleptics have in common the 
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ability to block dopamine receptors, thereby 
reducing dopamine transmission. Reduction of 
dopamine results in greater circulating levels of 
prolactin in nearly half of patients taking antipsy- 
chotics [17], which in turn inhibits GnRH produc- 
tion. Reduced secretion of GnRH leads to reduced 
secretion of FSH and therefore decreased gonadal 
steroidogenesis [15, 16]. As many as 28 % of 
patients receiving antipsychotic treatment experi- 
ence hypotestosteronism [18], and the degree of 
hypogonadism is usually proportional to the 
degree of prolactin elevation [16]. Effects include 
reduced libido, erectile dysfunction, gynecomas- 
tia, galactorrhea, decreased sperm production, and 
infertility, though the exact effect of neuroleptics 
on male fertility has not been investigated or 
reported systematically [16, 17]. 


Selective Serotonin Reuptake Inhibitors 

Like antipsychotics, SSRI antidepressants are 
associated with elevation of prolactin levels and 
subsequent suppression of spermatogenesis [4]. 
It has been suggested that serotonin increases 
prolactin by stimulating the activity of prolactin- 
releasing factors and inhibiting dopamine and 
that the resulting hyperprolactinemia suppresses 
the HPG axis as described above [19]. One study 
comparing semen samples from men treated with 
SSRIs against untreated controls revealed lower 
mean total sperm counts, motility rates, and rates 
of normal sperm morphology. Moreover, each of 
these parameters significantly correlated with 
treatment duration, such that further detrimental 
effects by SSRIs on count, motility, and morphol- 
ogy were observed with extended treatment dura- 
tion [20]. Another study evaluating the effect of 
escitalopram treatment on semen parameters in 
men with lifelong premature ejaculation demon- 
strated that at the third month of treatment, there 
was a Significant decrease in mean sperm concen- 
tration (from 68 to 26 million/mL), motility 
(from 58 to 23 %), and morphology (19-7 % 
normal-shaped spermatozoa) when compared 
with the baseline semen measures [21]. 
Fortunately, the prolactin-mediated effects on 
semen parameters appear to be reversible within 
only a few weeks of SSRI discontinuation [19]. 
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Tricyclic Antidepressants 

Like SSRIs, TCAs adversely affect male fertility 
by altering the HPG axis [4]. Clomipramine and 
imipramine, for example, are known to have neg- 
ative effects on sperm viability, motility, count, 
morphology, and volume [22]. One comparison 
of men taking clomipramine with age-matched 
controls not taking this medication demonstrated 
a significantly higher incidence of abnormal ejac- 
ulate parameters, especially with regard to vol- 
ume, sperm motility, and sperm morphology 
[23]. Elsewhere, it has been reported that 3 weeks 
of continuous therapy with the TCA desmethyli- 
mipramine resulted in a significant decrease in 
sperm viability but no significant change in sperm 
count or motility [24]. While the reported effects 
of tricyclics vary depending on the specific agent 
and dose utilized, these studies nevertheless indi- 
cate that there is a negative association between 
sperm quality and exposure to TCAs [25]. 


Opiates 

Long-acting narcotics suppress the HPG axis by 
inhibiting GnRH pulse patterns, which leads to 
suppression of LH release, androgen deficiency, 
and impaired spermatogenesis [10, 26]. 
Moreover, SHBG is elevated in men taking opi- 
oids, which further reduces the levels of bioavail- 
able testosterone [10]. 

Numerous studies of men chronically using 
intrathecal, oral, and transdermal opioids for 
nonmalignant pain have demonstrated signifi- 
cantly reduced testosterone and LH levels com- 
pared to men not receiving opioids. While 
androgen deficiency is particularly profound in 
men treated with methadone maintenance ther- 
apy because of its long duration of action, hypo- 
gonadotropic hypogonadism results from the 
other narcotics in comparable doses [10, 26]. 
In fact, the high prevalence of hypogonadism in 
men taking any long-term narcotics has led the 
2010 Endocrine Society Clinical Practice 
Guideline Committee to list men receiving 
chronic opioids as a candidate group in whom 
there is a high prevalence of low testosterone lev- 
els and in whom serum testosterone levels should 
be measured [26]. 
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Clinically, hypogonadism in men taking nar- 
cotics presents with decreased libido, impotence, 
and impaired gonadal function. Semen analyses 
from men taking narcotics reveal significantly 
higher rates of asthenospermia, teratospermia, 
and oligospermia than those observed in the gen- 
eral population [27]. 


Glucocorticoids 

Glucocorticoids affect gonadal function at multi- 
ple levels in the HPG axis, including the hypo- 
thalamus (suppressing the release of GnRH), the 
pituitary (inhibiting the release of LH/FSH), and 
the testes (modulating steroidogenesis and/or 
gametogenesis directly) [26, 28]. Moreover, 
glucocorticoids interfere with normal levels of 
bioavailable testosterone by decreasing SHBG 
levels [1]. 

Clinically, suppression of the HPG axis at all 
levels results in a combined primary and second- 
ary hypogonadism [26]. Testosterone levels are 
lower in glucocorticoid-treated men than in 
age-matched controls, and the administration of 
greater than 5-7.5 mg/day of prednisone or its 
equivalent increases the risk of gonadotropin and 
testosterone suppression [26]. The propensity of 
this class of agents to cause hypogonadism is also 
reflected in the 2010 Endocrine Society Clinical 
Practice Guideline, which lists men receiving 
chronic glucocorticoids as a candidate group in 
whom there is a high prevalence of low testoster- 
one levels and for whom measurement of serum 
testosterone is recommended [26]. 


Miscellaneous Drugs That Cause 
Endocrine Disturbances 

Like the aforementioned drug classes, a number 
of individual agents also interfere with the HPG 
axis at various levels, producing endocrine dis- 
turbances that negatively impact male reproduc- 
tive potential. 


Spironolactone 

The aldosterone antagonist spironolactone is 
widely used to treat chronic illnesses including 
cardiovascular and liver diseases. In addition to 
its actions on the mineralocorticoid receptor, spi- 
ronolactone also acts as an antiandrogen by 


Y. Barazani and E.S. Sabanegh Jr. 


blocking testosterone synthesis and competing 
with testosterone for the androgen receptor. 
These effects interrupt hypothalamic and pitu- 
itary components of the testosterone negative 
feedback loop [1, 29], resulting in gynecomastia 
and impotence especially at doses exceeding 
100 mg daily [30]. 

Interruption of the HPG feedback axis also 
negatively impacts semen parameters. In a study 
by Caminos-Torres et al., administration of spi- 
ronolactone daily to healthy young men for up to 
24 weeks produced decreased sperm density and 
motility in 22 % of subjects. Semen analysis in 
affected individuals had been normal prior to spi- 
ronolactone administration, decreased markedly 
to subnormal levels within 4 weeks of initiating 
spironolactone, remained subnormal throughout 
the course of treatment, and returned to normal 
after spironolactone was discontinued [30]. 


Ketoconazole 

Ketoconazole, an imidazole derivative, is widely 
used throughout the world as an antifungal agent 
[31]. In addition to its antimycotic properties, 
ketoconazole also inhibits both adrenal and tes- 
ticular steroidogeneses [1, 31, 32]. While these 
antiandrogenic effects are useful in the treatment 
of prostate cancer, hirsutism, and Cushing’s syn- 
drome [31], they have a deleterious impact on 
male reproduction. 

When administered at therapeutic doses of 
200-600 mg/day, ketoconazole transiently 
reduces serum testosterone levels in men. In fact, 
the decline in testosterone concentration is sub- 
stantial after even a single dose, with testosterone 
levels returning to normal over 8-24 h. 
Conventional antifungal doses of ketoconazole 
temporarily block testosterone synthesis and the 
adrenal response to corticotropin but rarely lead 
to endocrine complications [31]. However, higher 
therapeutic doses (800-1,200 mg/day) cause a 
more prolonged and profound hormone inhibi- 
tion associated with oligo- or azoospermia, impo- 
tence, impaired libido, and gynecomastia. 
Fortunately, even the substantial inhibitory effects 
of high-dose ketoconazole regimens on testicular 
and adrenal steroidogenesis appear to be revers- 
ible with discontinuation of therapy [31, 33]. 
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Cimetidine 

Cimetidine, a histamine H,-receptor antagonist, 
inhibits testosterone production and functions as a 
weak antiandrogen by competing for androgen 
receptors. Like other antiandrogens, it leads to 
elevated gonadotropin levels by antagonizing the 
negative feedback control of gonadotropin secre- 
tion by testosterone [1, 34]. Cimetidine has been 
reported to have antiandrogenic effects ranging 
from gynecomastia to oligospermia [4]. In one 
clinical study, men administered cimetidine 
exhibited a significant reduction in sperm concen- 
tration compared to placebo-treated controls [35]. 
In another study of men receiving cimetidine for 
chronic duodenal ulcers, testosterone and FSH 
were elevated during treatment with cimetidine 
compared to both pre- and posttreatment levels. 
Moreover, these hormonal effects were associated 
with a reduction in mean sperm count compared 
to the period after drug withdrawal [34]. 


Cyclosporine 

The long-term use of the immunosuppressant 
cyclosporine is known to cause hirsutism and 
gynecomastia in male transplant recipients as a 
result of hormonal alterations. While the exact 
mechanism of these effects is still unknown, pro- 
posed mechanisms include action on fibroblasts 
and glandular cells, humoral and/or immunologic 
pathways [36], and effects on the hypothalamus 
and/or the pituitary [4, 37]. 

Gonadal effects resulting from hormonal 
alterations have been documented in animal 
models. In one experiment, administration of 
cyclosporine to rats led to significant reductions 
in serum testosterone levels, testicular weight, 
sperm count, haploid testicular cell population, 
and fertility compared to untreated controls [38]. 
In another rat study, cyclosporine administration 
produced hypo-androgenism associated with 
reduced reproductive organ weights, testicular 
and epididymal sperm counts, sperm motility, 
and fertilizing ability [39]. 

While human studies are limited in number and 
confounded by concurrent illness, cyclosporine has 
been shown to exert effects in men that are similar 
to those described in rats. For example, transplant 
patients taking cyclosporine demonstrate lower 
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baseline levels of plasma prolactin and low or 
normal LH/FSH levels despite low testosterone 
levels. Moreover, cyclosporine appears to directly 
antagonize gonadal function, manifested as lower 
testosterone levels that are refractory to the admin- 
istration of HCG [37]. 


Medical Marijuana 

Marijuana contains the psychoactive cannabinoid 
delta-9-tetrahydrocannabinol (THC), which has 
repeatedly been shown to negatively affect male 
reproductive physiology. Specifically, cannabi- 
noids block LHRH release from the hypothalamus 
which in turn reduces secretion of LH by the ante- 
rior pituitary. THC also increases the release of 
hypothalamic dopamine (the major physiological 
inhibitory factor of prolactin), reducing prolactin 
release from the adenohypophysis and further 
deregulating the reproductive axis [40]. Moreover, 
THC may activate endocannabinoid receptors on 
sperm, reducing motility in a dose-dependent 
manner and inhibiting the acrosomal reaction [10]. 

In men, THC decreases serum LH and subse- 
quently plasma testosterone levels [41]. While 
patients experience variable sensitivities to mari- 
juana, the resulting hypo-androgenism is dose 
dependent and may take as long as 2-3 months to 
resolve after cessation [4, 10]. Clinically, this 
manifests as gynecomastia, loss of libido, impo- 
tence, and ejaculatory dysfunction, as well as 
elevated seminal leukocytes [1, 4, 42]. 

With respect to gonadal function, marijuana 
reduces testosterone production by the testis and 
negatively influences the spermatogenetic process, 
reducing germ cell proliferation and sperm con- 
centrations [41]. In mice, chronic administration 
of THC and other cannabinoids has been shown to 
impair spermatogenesis at both mitotic and mei- 
otic stages, with mature spermatozoa character- 
ized by severe morphological abnormalities [43]. 
Similarly, more than one-third of men who chroni- 
cally smoke marijuana are characterized by 
oligospermia [10]. While human studies are obser- 
vational and include subjects using marijuana in 
different formulations and doses and at varying 
frequencies, it is clear that consumption of this 
agent—be it illicit or prescribed—has a clear 
negative impact on male reproductive potential. 
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Testicular (Direct Toxic Effect 
on Gonadocytes) 


Various medications have been shown to impair 
spermatogenesis by exerting direct gonadotoxic 
effects. These agents are listed in Table 15.1 and 
include antineoplastic drugs, medications fre- 
quently used to treat inflammatory bowel disease 
(IBD) and gout, and several common classes of 
antibiotics [4]. While these agents exert their 
effects through a variety of pathophysiologic 
mechanisms, they all have in common the ability 
to interfere with spermatogenesis. This section 
will review these gonadotoxic drug classes in 
detail, focusing on the impact that each has on 
male reproductive potential. 


Chemotherapy 

Approximately 1.5 million men and women were 
diagnosed with cancer in the United States in 
2010, with approximately 1 % of these individu- 
als under the age of 20 years at diagnosis [44]. 
While advances in cancer therapies have vastly 
improved disease-specific survival in these 
patients, many of them will face late treatment- 
related morbidities. Iatrogenic reproductive fail- 
ure resulting from chemotherapy is a frequently 
encountered late effect and one which is of par- 
ticular concern for younger patients undergoing 
cancer treatments [45]. Chemotherapy can have 
devastating effects on male fertility secondary to 
direct germ cell toxicity, with potential long-term 
spermatogenic impairment lasting years if recov- 
ery occurs at all [1]. 

Low-dose chemotherapy can deplete differen- 
tiating spermatogonia, resulting in temporary 
oligo- or azoospermia. The less sensitive mitoti- 
cally quiescent spermatogonial stem cell lines 
survive the cytotoxic insult and recolonize the 
seminiferous tubules with differentiating sper- 
matogonia, ultimately restoring spermatogenesis. 
However, when the spermatogonial stem cell 
pool is entirely depleted by high-dose treatment, 
a Sertoli cell-only pattern results and leads to per- 
manent infertility [44, 46]. 

The germinal epithelium is particularly sensitive 
to several classes of chemotherapeutic agents 
(Table 15.2). Alkylating agents (notably chlorambucil, 
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procarbazine, melphalan, cyclophosphamide, and 
busulfan) and platinum-based drugs, which cause 
direct DNA and RNA damage and induce apop- 
tosis, are especially gonadotoxic and pose a 
greater risk of prolonged azoospermia [46, 47]. 
Antimetabolites, vinca alkaloids, podophyllotox- 
ins, and antitumor antibiotics, on the other hand, 
depress germ cell function to a lesser extent [46]. 

The adverse effects of gonadotoxic chemo- 
therapeutic agents largely depend on the type 
and dose of medication used. For example, the 
alkylating agent cyclophosphamide has a 
threshold dose of approximately 10 g/m? in 
postpubertal patients for impairing fertility. 
However, gradual recovery of spermatogenesis 
may occur even at this dose, with permanent 
sterility only occurring at 19-20 g/m? or higher 
doses [46]. Moreover, multiple low-dose insults 
with cyclophosphamide appear to cause more 
damage than a single high-dose insult as a 
result of repeated injury to reserve stem cells 
that become mitotically active following the 
initial injury to the seminiferous epithelium. 
Similar threshold cumulative doses required for 
prolonged azoospermia have been reported for 
other alkylating and platinum agents [46]. 
Cisplatin-based chemotherapy, for example, 
results in azoospermia immediately after ther- 
apy in most patients, with subsequent reversal 
of this effect in at least 50 % of patients receiv- 
ing standard-dose chemotherapy up to four 
cycles [48]. At doses of 500-600 mg/m? how- 
ever, cisplatin is associated with prolonged azo- 
ospermia [46, 47]. Table 15.2 lists the threshold 
cumulative doses associated with various alkyl- 
ating and platinum agents. 

While it was earlier suggested that germ cells 
of younger males are less susceptible to the toxic 
effects of chemotherapy compared to older boys 
and young adults, more recent studies have dem- 
onstrated that boys receiving gonadotoxic treat- 
ment prior to puberty are not protected from 
posttreatment gonadal dysfunction [49, 50]. In 
fact, some chemotherapeutic agents that exhibit 
reversible spermatogenic effects in postpubertal 
males result in permanent azoospermia when 
given to prepubertal boys [47]. The prepubertal 
testis appears particularly vulnerable due to its 
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Table 15.2 Gonadotoxic chemotherapeutic medications 


High or moderate risk 
Non-cell cycle-specific drugs 


Cumulative dose for 


Drug prolonged azoospermia 
Alkylating agents 

Cyclophosphamide 19 g/m? 

Busulfan 600 mg/kg 

Melphalan 140 mg/m? 

BCNU 

CCNU 

Chlorambucil 1.4 g/m? 

Ifosfamide 42 g/m? 

Procarbazine 4 gim? 


Platinum agents 

Cic-platinum 600 mg/m? 
Mechanism of action 
— DNA/RNA damage 


— Induction of apoptosis 
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Low risk 


Cell cycle-specific drugs Non-cell cycle-specific drugs 


Drug Drug 
Antimetabolites Antitumor antibiotics 
Methotrexate Bleomycin 
Mercaptopurine Dactinomycin 
Vinca alkaloids 
Vincristine 
Vinblastine 
Podophyllotoxins 
Asparaginase 
Mechanism of action Mechanism of action 
— DNA/RNA synthesis — Induction of DNA strand 
inhibition breaks 


— Inhibition of mitosis 
— Deamination of proteins 


[Reprinted from Jahnukainen K, Ehmcke J, Hou M, Schlatt S. Testicular function and fertility preservation in male 
cancer patients. Best Pract Res Clin Endocrinol Metab. 2011 Apr;25(2):287-302. With permission from Elsevier] 


constant turnover of early germ cells [46]. 
Thomson et al. reported that only 33 % of male 
survivors of childhood cancer have normal semen 
quality [51]. In a review of 6,224 male childhood 
cancer survivors (all younger than 21 years at 
diagnosis and not surgically sterile), Green et al. 
demonstrated that survivors were nearly half as 
likely to sire a pregnancy compared to their sib- 
lings. Specifically, the hazard ratio of siring a 
pregnancy was decreased by treatment with 
cyclophosphamide or procarbazine and inversely 
related to the cumulative alkylating agent dose 
(AAD) score. Importantly, participants without a 
summed AAD score > 2, treatment with procarba- 
zine, or treatment with higher doses of cyclophos- 
phamide were as likely as their siblings to sire a 
pregnancy [52]. In another large study of 565 
childhood cancer survivors, Tromp et al. showed 
that one-third of male childhood cancer survivors 
have elevated FSH levels (a surrogate for sper- 
matogenic dysfunction) after a median follow-up 
of 15 years. Among the various antineoplastic 
agents, the authors identified the use of procarba- 
zine, cyclophosphamide, vinca alkaloids, or 


alkylating agents as independent treatment- 
related risk factors for elevated FSH levels [45]. 
In contrast to the testicular germinal epithe- 
lium, Leydig cells are characterized by a slow rate 
of turnover which makes them much less vulner- 
able to damage from antineoplastic agents. 
Chemotherapy-induced Leydig cell failure lead- 
ing to androgen insufficiency that requires testos- 
terone supplementation is extremely rare. Some 
studies have suggested that Leydig cell dysfunc- 
tion may be observed following treatment with 
alkylating agents, with anywhere from 10 to 88 % 
of male subjects developing elevated serum con- 
centrations of LH. However, most males undergo 
a normal puberty and produce normal adult levels 
of testosterone. Thus, Leydig cell dysfunction is 
generally subclinical when present [44, 46, 53]. 


Treatment of Inflammatory Bowel 

Disease 

Numerous studies have shown that treatments 
for IBD are associated with reversible impair- 
ment of male reproductive function, including 
reductions in sperm concentration and motility 
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[1]. The reproductive impact of these treatments 
is particularly important given that half of patients 
are under the age of 35 years when diagnosed 
with IBD and a quarter of them conceive for the 
first time after being diagnosed [54]. Specific 
agents believed to impair male fertility include 
sulfasalazine, methotrexate, and infliximab. 


Sulfasalazine 

Commonly used to treat ulcerative colitis, Crohn’s 
disease, and rheumatoid arthritis, sulfasalazine is 
composed of sulfapyridine linked to 5-aminosali- 
cylic acid (5-ASA) by an azo bond. While 5-ASA 
is the active therapeutic moiety of sulfasalazine, 
most of the drug’s adverse effects are attributed to 
the nontherapeutic sulfapyridine constituent [55]. 
Male infertility resulting from sulfasalazine was 
first reported in 1979 by Levi et al. in patients 
treated for ulcerative colitis [56]. Since then, 
numerous clinical studies have demonstrated sul- 
fasalazine’s gonadotoxic effects, including oligo- 
spermia, impaired sperm motility, and alterations 
in sperm morphology [54]. Moreover, multiple 
studies have demonstrated restoration of semen 
quality (improvement in sperm count, morphol- 
ogy, and motility) and successful conception 
when other 5-ASA preparations not containing a 
sulfapyridine moiety are substituted for sulfasala- 
zine [54, 57, 58]. While the exact mechanism for 
this spermatogenic toxicity remains poorly eluci- 
dated, research using rat models has suggested 
that sulfasalazine-induced oxidative stress may 
play an important role [55]. 


Methotrexate 

The immunosuppressive drug methotrexate is a 
folic acid antagonist that binds to the enzyme 
dihydrofolate reductase, disrupting synthesis of 
DNA, RNA, and protein [59]. In men, methotrex- 
ate is used in higher doses to treat malignancy 
and in lower doses to treat a number of autoim- 
mune conditions including rheumatoid arthritis, 
psoriasis, psoriatic arthritis, lupus, and 
IBD. Concerns about the effect of methotrexate 
on male fertility and pregnancy outcomes stem 
from the fact that methotrexate damages or kills 
cells undergoing division, a process continually 
occurring during spermatogenesis [59]. 
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Studies in animals have shown altered sper- 
matogenesis, cytotoxicity, and degeneration of 
spermatocytes, Sertoli cells, and Leydig cells 
resulting from methotrexate use; however, con- 
flicting data exists regarding the reproductive 
effects of methotrexate in men [57, 59, 60]. While 
some studies have failed to demonstrate suppres- 
sion of spermatogenesis or impairment of semen 
quality with methotrexate use [60, 61], others have 
documented reversible oligospermia and/or steril- 
ity in men taking this immunosuppressant [57, 
59]. Additional concern has focused on the known 
teratogenic effects of methotrexate in women, for 
whom the FDA has classified this medication as a 
Pregnancy Category X [54, 57]. However, there 
are no reports to date describing adverse preg- 
nancy outcomes in the female partners of men 
who were treated with methotrexate [54, 59, 60]. 

Although the gonadotoxic effects of low-dose 
methotrexate are unclear and there are no reports 
of methotrexate-induced congenital abnormali- 
ties in infants born to men taking this medication, 
authorities nonetheless recommend that metho- 
trexate be stopped prior to conception. Some 
have advocated that this agent be discontinued at 
least 3—4 months before attempts at conception 
due to its prolonged tissue-binding characteris- 
tics [54, 57, 60]. 


Infliximab 

The tumor necrosis factor (TNF) antagonist inf- 
liximab is commonly used for treatment of 
reproductive-age men with IBD, and some stud- 
ies have reported adverse gonadal effects with 
this agent. In one prospective study comparing 
pre- and posttreatment semen parameters of men 
with IBD receiving infliximab, the authors found 
that infliximab therapy decreased sperm motility 
and the number of normal oval forms [62]. 
Moreover, case reports have described reduced 
sperm motility in patients with ankylosing spon- 
dylitis who were treated with infliximab [63]. 
However, in a study of men with spondyloarthri- 
tis taking TNF blockers (infliximab, etanercept, 
or adalimumab), the authors concluded that the 
sperm quality of patients receiving long-term 
TNF inhibition was comparable to that of healthy 
controls [64]. Given the conflicting reports 
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regarding its effect on semen parameters and the 
fact that no studies have specifically evaluated 
the effects of infliximab on fertility, experts agree 
that infliximab need not be stopped before 
attempts at conception for men with IBD [57]. 


Antibiotics 

Antibiotics are routinely prescribed to men for a 
variety of everyday conditions, oftentimes without 
regard for fertility. Unfortunately, adverse effects 
on male fertility have been well established for 
individual agents from all the major classes of anti- 
biotics, including impairment of both spermato- 
genesis and spermatozoal function [1, 3, 4, 65]. 

A number of animal studies have documented 
adverse reproductive effects related to antibiotic 
exposures. Research using DNA flow cytometry 
of testicular aspirate to quantitatively evaluate 
testicular function in rats receiving various anti- 
biotics demonstrates that Bactrim, nitrofurantoin, 
ofloxacin, and doxycycline significantly alter 
spermatogenesis [66]. Hargreaves et al. cultured 
sperm with increasing concentrations of various 
antibiotics to investigate their effects on sperm 
movement characteristics and viability. In this 
in vitro experiment, tetracycline was the most 
potent drug tested, exerting significant effects on 
sperm movement at concentrations as low as 
2.5 pg/mL, well within the levels seen with thera- 
peutic doses of this antibiotic. On the other hand, 
erythromycin did not exert effects on sperm 
movement at concentrations <100 pg/mL, and 
amoxicillin had no effect on sperm movement 
characteristics over the dose range used. Because 
tetracyclines penetrate into semen with concen- 
trations about 60 % of those found in serum, the 
effects that tetracycline exerts on sperm move- 
ment in vitro would be expected to occur in vivo 
during a course of tetracycline treatment [3]. 

While in vitro and animal data suggest that mul- 
tiple classes of antibiotics have the potential to 
adversely affect fertility, documentation of an 
in vivo effect in humans is lacking [4]. Nonetheless, 
a number of antibiotics have been well established 
to impair spermatogenesis and/or sperm function 
in men. For example, significant alterations in 
semen parameters have been documented follow- 
ing treatment with nitrofurans [65], with high 
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doses of nitrofurantoin reported to cause early 
maturation arrest at the primary spermatocyte 
stage [4]. Other antibiotics known to be gonado- 
toxic include erythromycin and gentamicin [4]. 
Tetracyclines, on the other hand, are relatively non- 
toxic to spermatogenesis, exerting their effect on 
mature sperm function and motility as illustrated 
by the aforementioned in vitro experiments [3]. 
While additional research is needed to define 
the relative toxicity of antibiotics and the exact 
mechanisms by which they exert their effects, cli- 
nicians must be aware that a number of antibiot- 
ics may impair the reproductive potential of men. 


Colchicine 

Colchicine, an alkaloid used to treat gouty arthri- 
tis, familial Mediterranean fever, and Behcet’s 
disease, is a modulator of microtubules at the 
cytoskeleton level [67]. In vitro, high-dose col- 
chicine arrests mitotic division at metaphase, 
raising concern that it might arrest meiosis as 
well [68]. However, controversial results have 
been published regarding the adverse effect of 
colchicine on sperm production in vivo. Sporadic 
reports have described negative impacts on sperm 
production and function ranging from oligo- and 
azoospermia to normospermia with disturbances 
in sperm motility [69]. Others have reported that 
colchicine induces oligospermia and impacts fer- 
tilization potential in patients with Behcet’s dis- 
ease with long-term exposure; however, 
short-term exposure in healthy males has failed 
to reproduce these effects [4]. On the basis of 
inconsistent sperm pathologies, the general con- 
sensus is that treatment with typical doses of col- 
chicine (<2 mg daily) does not have a significant 
adverse effect on sperm production and function 
[67, 68]. However, it may be possible that under- 
lying factors make some men particularly sensi- 
tive to a cytotoxic effect of colchicine on germinal 
epithelium, accounting for rare cases of revers- 
ible infertility associated with its use [68]. 


Calcium Channel Blockers (Functional 
Sperm Defects) 

Calcium channel blockers have been scrutinized 
for their potential to inhibit the sperm fertiliza- 
tion process. Two mechanisms have been 
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proposed: (1) these agents may directly block 
calcium influx, a necessary component of the 
acrosome reaction, and (2) lipophilic calcium ion 
antagonists may insert into the lipid bilayer of the 
sperm plasma membrane, altering surface mole- 
cules required for normal fertilization [70, 71]. 

A number of case reports and human experi- 
ments have demonstrated that therapeutic admin- 
istration of calcium antagonists leads to reversible 
male infertility and IVF failure associated with 
normal semen analysis parameters. Moreover, 
discontinuation of these agents has been shown 
to restore parameters associated with sperm fer- 
tilizing potential, including recovery of spontane- 
ous acrosome reactions and increases in surface 
mannose-ligand binding in vitro [70, 72]. 
However, other clinical studies have failed to 
demonstrate an adverse effect of calcium channel 
blockers on fertility [71]. Given these conflicting 
data, it may nevertheless be prudent for clinicians 
to select alternative antihypertensive agents in 
men pursuing fertility. 


Post-testicular (Impaired 
Libido/Erection/Emission/ 
Ejaculation) 


While a number of medications act at the pre- 
testicular or testicular levels to inhibit sperm 
production, other classes of medications act at 
the post-testicular level, interfering with deliv- 
ery of sperm into the female reproductive tract. 
These include effects on libido, erectile func- 
tion, emission, and ejaculation. A number of 
drugs disrupt male libido by acting on the cen- 
tral nervous system, affecting fertility indirectly 
by decreasing sexual drive. Other agents inter- 
fere with the neurologic or vascular-mediated 
events necessary for normal erectile function. 
Finally, some medications interfere with intra- 
vaginal sperm deposition by inhibiting ejaculate 
emission and/or causing retrograde ejaculation 
[4]. This section will address the drug classes 
most commonly implicated in post-testicular 
causes of male subfertility, including a detailed 
review of the specific impairments associated 
with each of these. 
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Medications Used to Treat Lower 

Urinary Tract Symptoms 

Lower urinary tract symptoms (LUTS) and male 
sexual dysfunction are both common in older 
men, and the link between these two conditions 
has been well established. In large part, this link 
results from the adverse sexual effects associated 
with 5-a reductase inhibitors and alpha blockers, 
both of which are used in the treatment of benign 
prostatic hyperplasia (BPH) [73]. 


5-o Reductase Inhibitors 

The 5-a reductase inhibitors finasteride and 
dutasteride, which inhibit conversion of testoster- 
one to the metabolically active dihydrotestoster- 
one, are commonly used in the treatment of BPH 
and male pattern baldness [1, 4]. While random- 
ized, placebo-controlled trials have demonstrated 
that each of these medications has a clinically 
insignificant effect on spermatogenesis [74], the 
use of these agents is strongly associated with 
sexual dysfunction. 5-a reductase inhibitors have 
been shown to adversely affect libido and erectile 
function as well as to increase the incidence of 
low-volume ejaculate [1, 4, 73], with finasteride 
and dutasteride exhibiting a similar profile and 
incidence of adverse sexual events [75]. 

A number of studies have demonstrated reduc- 
tions in libido associated with both finasteride 
and dutasteride. Dutasteride has been reported to 
produce a 4.2 % incidence of reduced libido com- 
pared to approximately 2 % in placebo [75, 76]. 
In another trial, approximately 2.8 % of patients 
taking dutasteride reported a decreased libido, 
with 1.3 % of the patients in this group reporting 
a complete loss of libido [76]. Similarly, finaste- 
ride is associated with a 6.4 % rate of diminished 
libido compared to 3.4 % for placebo [75]. 

Effects on erectile function are also compara- 
ble for these two agents, dutasteride being associ- 
ated with a 7.3 % rate of ED (compared to 4.0 % 
for placebo) and finasteride causing an 8.1 % rate 
of ED compared to 3.7 % for placebo [75]. 
Several other trials have documented ED in 
approximately 6-8 % of patients taking 5-a 
reductase inhibitors, and this side effect is often 
the most common adverse event leading to with- 
drawal [76]. 
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Ejaculatory dysfunction is also adversely 
affected in patients taking 5-a reductase inhibi- 
tors, with dutasteride causing a 2.2 % rate of 
ejaculatory dysfunction (compared to 0.8 % for 
placebo) and finasteride causing a 4.5 % rate of 
ejaculatory dysfunction compared to 0.9 % for 
placebo [75]. Symptoms of ejaculatory dysfunc- 
tion were subdivided in the CombAT study, 
which reported a 0.6 % rate of retrograde ejacula- 
tions, 0.5 % rate of ejaculation failure, and 0.3 % 
rate of semen volume decrease in patients taking 
dutasteride [77]. 


Alpha-Blockers 

Alpha-1-adrenoceptor antagonists («1-blockers) 
are widely utilized as a first-line treatment for 
LUTS and, less commonly, to treat hypertension. 
However, their use has been clearly shown to 
cause varying degrees of ejaculatory dysfunction, 
ranging from decreased ejaculate volume to com- 
plete anejaculation. These effects are mediated 
by loss of seminal emission as well as relaxation 
of the bladder neck resulting in retrograde ejacu- 
lation [78]. 

Multiple alpha-blockers are available (alfuzo- 
sin, doxazosin, tamsulosin, terazosin, and silodo- 
sin), and each of these differs in its degree of 
uroselectivity and therefore in its associated risk 
of adverse sexual events. While the reported inci- 
dence of ejaculatory dysfunction with nonselec- 
tive alpha-blockers such as doxazosin and 
terazosin is generally less than 1.5 %, adverse 
ejaculatory effects occur more commonly with 
tamsulosin and silodosin because these medica- 
tions exhibit the highest degree of uroselectivity 
for the al-adrenoceptor subtype A receptor [75]. 
Tamsulosin is reportedly associated with a 
4-26 % rate of ejaculatory dysfunction, depend- 
ing on its dose and duration of use [75]. In a 
randomized, placebo-controlled study, adminis- 
tration of tamsulosin 0.8 mg once daily to healthy 
volunteers markedly decreased mean ejaculate 
volume in almost 90 % of subjects, with 35 % 
having no ejaculation [73]. Silodosin, approved 
by the FDA in 2008, is the newest and most 
highly selective «1A-blocker. The selectivity of 
silodosin toward the «1A-adrenoceptor subtype 
has been reported to be 38 times greater than that 
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of tamsulosin [78]. This uroselectivity translates 
into the highest reported rates of ejaculatory 
dysfunction among the alpha-blockers, ranging 
from 28 to 100 % [75, 78]. In one double-blind, 
placebo-controlled, randomized trial randomizing 
men to silodosin vs. placebo, every participant 
receiving silodosin had a complete lack of emis- 
sion and expulsion of semen from the urethra 
despite there being a normal average semen 
volume at baseline [78]. 


Antihypertensives 

Increasing emphasis on blood pressure control 
has led to greater numbers of younger patients 
taking antihypertensives, a category of agents 
commonly associated with impaired libido and 
erectile dysfunction. A review of hypertensive 
men taking selected antihypertensive therapy 
(thiazide diuretics, beta-blockers, spironolactone, 
methyldopa, and clonidine) demonstrated com- 
plete ED prevalence rates in this group that were 
threefold greater than normotensive men and 
2.4-fold greater than hypertensive men who did 
not use these agents [79]. 

Among the classes of antihypertensive drugs 
most commonly utilized, diuretics and 
B-adrenoceptor antagonists stand out as the two 
groups most often implicated in causing sexual 
dysfunction, and these will be covered in greater 
detail below [80, 81]. While older-generation 
antihypertensive drugs (central-acting beta- 
blockers and diuretics) negatively impact erectile 
function, the newer-generation agents (calcium 
antagonists, angiotensin-converting enzyme 
inhibitors, and angiotensin receptor blockers) 
have neutral or even beneficial effects on erectile 
function [82]. Alpha-adrenergic blockers, though 
used more frequently nowadays for the treatment 
of BPH than to treat hypertension, demonstrate 
negative effects on ejaculatory function as 
described in the previous section. While the afore- 
mentioned antihypertensive agents do not directly 
affect fertility, the antihypertensive spironolac- 
tone acts as an antiandrogen, altering the HPG 
axis and leading to impaired semen quality in 
addition to decreased libido and erectile dysfunc- 
tion (refer to the section entitled “Miscellaneous 
Drugs That Cause Endocrine Disturbances” [4]. 
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Beta-Blockers 

Beta-blockers have traditionally been considered 
a major cause of erectile dysfunction, with effects 
that are dose dependent but more prevalent with 
older-generation beta-blockers such as proprano- 
lol than with newer ones like celiprolol and 
carvedilol [81, 82]. A recent observational study 
of more than1,000 hypertensive men taking beta- 
blockers demonstrated a 71 % incidence of erec- 
tile dysfunction in this group. In this study, 
metoprolol and carvedilol were associated with 
the highest rates and degrees of erectile dysfunc- 
tion, atenolol and bisoprolol with intermediate 
rates, and nebivolol with the lowest rates and 
degrees of erectile dysfunction [83]. Studies have 
also demonstrated that the prevalence of erectile 
dysfunction seen with this class of drugs trans- 
lates clinically into a reduction in the number of 
sexual intercourse events per month [81, 82]. 
Atenolol significantly reduced the number of 
intercourse events per month from 7.8 to 4.2 in 
one randomized, double-blinded study and from 
6.0 to 4.2 in another. Similarly, carvedilol has 
been shown to reduce sexual intercourse episodes 
per month from 8.2 to 3.7 [82]. Thus, while beta- 
blockers do not prohibit most men from being 
able to deposit sperm in the female reproductive 
tract, they may nonetheless contribute to subfer- 
tility by posing a barrier to sexual intercourse. 


Diuretics 

Thiazide diuretics are the most commonly pre- 
scribed antihypertensive drugs for the treatment of 
hypertension and are the most implicated class of 
antihypertensives with respect to erectile function 
[82, 84]. Multiple randomized, placebo-controlled 
trials have reported that patients taking thiazide 
diuretics experience significantly greater sexual 
dysfunction than control subjects, including 
decreased libido, difficulty obtaining and maintaining 
an erection, and difficulty with ejaculation [38, 84]. 
In the Trial of Antihypertensive Interventions and 
Management study, erectile function worsened in 
28 % of men receiving chlorthalidone (a thiazide), 
compared with 11 % of men receiving atenolol 
and only 3 % of men receiving placebo [38]. 
Similarly, in the Treatment of Mild Hypertension 
Study, participants randomized to chlorthalidone 
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experienced a 17.1 % incidence of erectile 
dysfunction at 2 years compared to 8.1 % of 
patients randomized to placebo [38]. Like beta- 
blockers, consideration should therefore be given 
to discontinuing thiazide diuretics in men trying to 
conceive who report adverse sexual effects. 


Psychotherapeutic Medications 

This drug category as a whole, including antipsy- 
chotics, TCAs, SSRIs, selective norepinephrine 
reuptake inhibitors (SNRI), monoamine oxidase 
inhibitors (MAOIs), phenothiazines, and lithium, 
has been implicated in suppressing the HPG axis 
and adversely affecting libido, erectile function, 
and ejaculation [1, 4, 85]. While disruption of the 
HPG axis leads to impaired spermatogenesis as 
discussed earlier (see “Pre-testicular Causes, 
Psychotherapeutic Medications”), the adverse 
sexual effects also contribute to subfertility at the 
post-testicular level. 

Antipsychotics produce a rise in circulating 
levels of prolactin, which in turn inhibits GnRH 
release and gonadal steroidogenesis [15, 16]. 
Hyperprolactinemia (>25 ng/mL) and secondary 
hypogonadism are highly prevalent among 
treated schizophrenics, affecting 51 % and 28 % 
of men, respectively [16, 86]. These endocrine 
abnormalities manifest clinically as reduced 
libido and erectile dysfunction [16]. Cross- 
sectional, comparative studies of male schizo- 
phrenics taking neuroleptics have reported a high 
incidence of sexual dysfunction, ranging from 50 
to 70 % [86]. In particular, drugs that induce 
hyperprolactinemia such as risperidone are asso- 
ciated with significantly higher rates of sexual 
problems (40-60 %) compared to prolactin- 
sparing drugs like quetiapine, ziprasidone, and 
aripiprazole (<30 %) [86]. 

Antidepressants, especially selective SSRIs, 
venlafaxine (an SNRI), and clomipramine (a 
TCA), are also frequently associated with sexual 
dysfunction [85]. These agents all have in com- 
mon the ability to raise serotonin levels, which 
increases prolactin and leads to sexual side 
effects. Montejo et al. analyzed the incidence of 
antidepressant-related sexual dysfunction in a 
multicenter, prospective study carried out by the 
Spanish Working Group for the Study of 
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Psychotropic-Related Sexual Dysfunction. In 
this review of 412 men with previously normal 
sexual function who were being treated with anti- 
depressants, the authors reported a 62.4 % overall 
incidence of sexual dysfunction in men. Rates of 
sexual dysfunction were highest for citalopram 
(73 %), followed by paroxetine (71 %), venlafax- 
ine (67 %), sertraline (63 %), fluvoxamine 
(62 %), fluoxetine (58 %), and mirtazapine 
(24 %) [85]. 

While the effects of psychotherapeutic medi- 
cations on sexual function are not absolute barri- 
ers to reproduction, they may contribute to 
subfertility in patients undergoing treatment for 
psychiatric disease. Thus, clinicians should con- 
sider modifying these regimens in affected men 
being evaluated for infertility when it is clinically 
safe to do so. 


Exogenous Hormones, Antiandrogens, 
and GnRH Agonists 

Exogenous hormonal steroids (e.g., progesterone 
derivatives and estrogens), antiandrogens (e.g., 
flutamide, nilutamide, bicalutamide), and consti- 
tutive GnRH agonists (e.g., leuprolide) all 
directly target the HPG axis [4, 6]. While the 
resulting hypogonadotropic hypogonadism can 
impair spermatogenesis (see ‘“Pre-testicular 
Causes”), the endocrine changes may also pro- 
foundly reduce libido and erectile function [4]. 
The magnitude and quality of this effect vary 
according to the specific medication, dose, and 
duration of use, but clinicians should be aware 
that this broad category of agents may exert sub- 
stantial post-testicular barriers to reproduction in 
addition to the aforementioned spermatogenic 
effects. 


Complications of Radiation Therapy 


Men diagnosed with cancer must often face the 
long-term reproductive consequences of treat- 
ment with intensive, multimodal therapies [53]. 
As with chemotherapy, the testis is exquisitely 
sensitive to ionizing radiation, exhibiting signifi- 
cant functional impairment after exposure to 
even low doses [87]. Such exposures can be from 
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radiation directed specifically at the testis (as in 
the treatment of testicular CIS) or from collateral 
scatter during treatment directed at adjacent tis- 
sues such as the pelvis or abdomen. Regardless of 
the target, gonadal irradiation can cause damage 
to germinal epithelium and to a lesser extent 
Leydig cells, impairing spermatogenesis and tes- 


tosterone production, respectively [88]. 
Moreover, _radiation-mediated reproductive 
insults take an altogether different form: 


hypothalamic-pituitary dysfunction secondary to 
cranial irradiation, resulting in central hypogo- 
nadism and disruption of spermatogenesis. This 
section will provide a detailed review of the 
reproductive effects observed following treat- 
ment with radiation, including spermatogenic 
and endocrine impairments that result from testis 
exposure as well as hypogonadotropic hypogo- 
nadism resulting from irradiation damage to the 
hypothalamus and/or pituitary. 


Radiation-Induced Injury to Germinal 
Epithelium 


The seminiferous epithelium is quite sensitive to 
the effects of irradiation at all stages of life, with 
the degree of functional impairment depending 
on the radiation dose and ranging from mild oli- 
gospermia to complete azoospermia [45, 87, 89]. 
Like chemotherapy, low-dose radiation may 
destroy differentiating spermatogonia, resulting 
in temporary oligo- or azoospermia. The less sen- 
sitive spermatogonial stem cells survive and must 
repopulate the pool of differentiating spermato- 
gonia to restore sperm production. However, at 
higher doses of radiation, spermatogonial stem 
cells are lost, leading to a Sertoli cell-only pattern 
and permanent infertility [46]. 

The timing of spermatogonial recovery 
depends on the radiation dose received, with 
recolonization of surviving spermatogonia 
detected 6 months after a dose of 0.2 Gy, 9-18 
months after a dose of 1 Gy, and more than 4 
years after a dose of 10 Gy [46]. Whether recov- 
ery happens at all also depends on the radiation 
dose received. While scatter doses as low as 
0.1 Gy lead to temporary azoospermia, doses of 


242 


2-3 Gy are associated with long-term azoosper- 
mia, and doses of 6 Gy or more (as with direct 
testis radiation for testicular CIS) can result in 
permanent sterility [44, 46]. It is important to 
note that fractionated radiation is more toxic than 
single-dose exposure because the repeated insults 
do damage to reserve stem cell lines as they 
repopulate the germinal epithelium [52, 88]. 

While the effects of scatter radiation depend 
largely on dose and fractionation, they also vary 
greatly according to the specific field utilized. For 
example, in a study of long-term survivors of acute 
lymphoblastic leukemia, the authors reported that 
the incidence of germ cell dysfunction was signifi- 
cantly greater following craniospinal + abdominal 
RT including the gonads than following craniospi- 
nal RT, which in turn was associated with a higher 
incidence of germ cell dysfunction than with cra- 
nial RT alone [90]. Pelvic irradiation poses a par- 
ticular reproductive risk given the proximity of 
this region to the testes. In one study measuring 
the radiation doses delivered to the testicles in 
male patients receiving radiotherapy for rectal 
cancer, the authors demonstrated that on average, 
7.1 % of the prescribed dose is scattered to the tes- 
tis depending on the distance between the testis 
and the lower field margin. In this study, the testes 
received an average of 3.6 Gy during the course of 
pelvic radiotherapy, and in 73 % of patients the 
testes received more than 2 Gy, a dose associated 
with long-term azoospermia. The scattered dose to 
the testes occurring during pelvic irradiation has 
also been measured for prostate cancer. During a 
conventional course of irradiation for prostate can- 
cer, the testes receive between 2 and 8 % of the 
target dose, corresponding to an approximately 
1.8-2.4 Gy testicular dose in patients receiving 
60-66 Gy external beam irradiation of the prostate 
[88, 91]. 


Radiation-Induced Injury 
to Leydig Cells 


Leydig cells are far less vulnerable than germ 
cells to damage from radiotherapy because of 
their relatively slow rate of turnover. Nevertheless, 
Leydig cells are susceptible at higher doses, with 
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the likelihood of sustaining radiation-induced 
injury being directly related to the dose delivered 
and inversely related to patient age at treatment. 
Doses greater than 20 Gy cause Leydig cell fail- 
ure in most prepubertal males, whereas doses 
greater than 30 Gy are generally required to cause 
failure in adolescent boys and young adults [53]. 
Thus, high-dose irradiation during childhood 
does more harm to adult Leydig cell function 
than irradiation to the adult testis does [44]. 

At lower doses, Leydig cell injury leads to 
compensatory subclinical hypogonadism. For 
example, LH levels are elevated in about 20 % of 
patients receiving just 1 Gy of fractionated irra- 
diation to their testes. However, the majority of 
men who receive 20 Gy or less as a fractionated 
testicular dose continue to produce normal 
amounts of testosterone and therefore do not 
experience any symptoms of hypogonadism [88]. 

When high-dose testicular radiation is uti- 
lized, particularly in younger patients, Leydig 
cell failure may result. In one study of boys 
undergoing testicular irradiation at 24 Gy for 
acute lymphoblastic leukemia, 83 % of patients 
demonstrated Leydig cell dysfunction at a median 
of 5 years after therapy [44]. When it occurs, 
Leydig cell failure leads to hypogonadism, mani- 
fested as loss of libido and erectile function. 
Moreover, because the germinal epithelium is 
much more sensitive to the effects of ionizing 
radiation than Leydig cells, doses that lead to 
Leydig cell dysfunction are invariably associated 
with spermatogenic failure and semen abnormal- 
ities as well (see “Radiation-Induced Injury to 
Germinal Epithelium”). 


Pituitary Radiation Causing 
Hypopituitarism 


Patients treated with cranial irradiation for malig- 
nancy have benefited from greater survival in 
recent years; however, these advances have been 
hampered by long-term effects including 
radiation-induced hypopituitarism [46, 92]. The 
hypothalamus and to a lesser extent the pituitary 
[93] are inadvertently affected in patients receiv- 
ing total body radiotherapy, prophylactic cranial 
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irradiation for leukemia, and radiotherapy for 
intracranial, skull base, sinonasal, and nasopha- 
ryngeal tumors [94]. While radiation affects mul- 
tiple hypothalamic-pituitary-end organ axes, the 
growth hormone axis is the most radiosensitive 
followed by the gonadal axis. Thus, irradiation 
may lead to hypopituitarism in the form of growth 
hormone deficiency in addition to hypogonado- 
tropic hypogonadism [93]. 

The timing of radiation-induced empty sella 
or pituitary atrophy varies depending on the dose, 
fractionation, and age at treatment, though the 
effect is usually insidious, progressive, and irre- 
versible [93, 94]. Hypopituitarism is known to 
increase up to 10 years after radiation exposure 
[95]. For example, the prevalence of pituitary 
failure in patients treated for nasopharyngeal 
tumors is reportedly 6 % after 1 year, 35 % after 
2 years, 56 % after 3 years, and 62 % after 4-5 
years. Moreover, individual pituitary axes fail in 
a predictable sequential order, with growth hor- 
mone insufficiency manifesting after an average 
of 2.6 years, followed by failure of the HPG axis 
after 3.8 years, ACTH deficiency after 6 years, 
and finally TSH insufficiency after 11 years [92]. 

The incidence and degree of radiation-induced 
pituitary injury also depend on the dose, fraction- 
ation, and patient age [93, 94]. The clinical mani- 
festations of hypopituitarism are more severe in 
children and young adults, though effects are 
increasingly being observed in older adults as 
well [94]. The reported incidence of side effects 
varies considerably between studies in part 
because of the long follow-up interval required to 
observe them. Hypopituitarism is present in 
approximately half to two-thirds of adult patients 
previously treated with cranial radiation, and 
hypogonadotropic hypogonadism has been 
reported in 30 % of patients radiated for non- 
pituitary tumors, including 30-82 % of patients 
treated for nasopharyngeal cancer, and in 
38-61 % of patients treated for intracerebral 
tumors [92]. Similarly, two-thirds of leukemia 
patients who receive prophylactic cranial irradia- 
tion or total body irradiation in preparation for 
bone marrow transplantation suffer from pitu- 
itary atrophy 10 to 20 years after irradiation [93]. 
These findings are reflected in the 2010 Endocrine 


243 


Society Clinical Practice Guideline, which iden- 
tifies men with a history of radiation to the sellar 
region as a candidate group in whom there is a 
high prevalence of low testosterone levels [26]. 

Given the prevalence of radiation-induced sel- 
lar injury, an infertility evaluation for any patient 
with a history of cranial or total body radiother- 
apy should include an assessment of pituitary 
function. Specifically, low LH and FSH levels in 
the setting of abnormal semen parameters would 
be suggestive of hypothalamic and/or pituitary 
dysfunction causing central suppression of sper- 
matogenesis [5]. 


Conclusion 


Approximately 15 % of couples fail to conceive a 
child after 1 year of unprotected intercourse, with 
male factor infertility solely present in 20 % of 
these cases and contributing to female factor 
infertility in another 30—40 % of cases [4]. While 
23 % of men found to be infertile or subfertile 
will have no known etiology [1], a significant 
number of infertile men have impaired fertility 
attributable to prior or ongoing pharmaco- and 
radiotherapies. Attention by clinicians to their 
male patients’ desire for future fertility and 
awareness of the impact that these treatments 
have on subsequent reproductive potential are 
critical in order to avoid iatrogenic causes of 
male infertility. In cases where therapy takes pri- 
ority over future reproductive ability (as in the 
treatment of malignancy), a discussion of antici- 
pated reproductive effects is critical and should 
include options for male fertility preservation 
such as cryopreservation of semen or testicular 
tissue before initiating therapy when possible. 
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Introduction 


The effects of aging on fertility are complex, as is 
aging itself. In women, the loss of functional 
oocytes contributes to sub-/infertility by their late 
30s. In men, however, spermatogenesis continues 
well into advanced ages, thereby allowing men to 
reproduce until senescence. In recent decades, a 
social trend of late parenthood has developed, 
particularly in Western countries. For this reason, 
many studies have investigated the age-related 
effects on female fertility issues and the health 
risks to children. Consequently, methods such as 
oocyte freezing were developed to maintain 
female fertility beyond that time frame. Although 
the impact of age on male fertility is less obvious, 
in recent years, more data have been published on 
the age-related ceasing of male reproductive 
function and the impact to the offspring. 

The objective of this chapter is to focus on the 
implications of advanced age on male fertility. It 
furthermore aims to support evidence-based 
counseling of older fathers-to-be with regard to 
the risks and benefits to reproduction and their 
offspring. 
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Effect of Age on Male Fertility 


Age-Related Effect on Semen 
Parameters 


Many studies have investigated the effect of male 
aging on standard semen parameters. Not all of 
these studies have been adjusted for confounding 
factors, such as abstinence time and smoking 
habits, amongst others, while some have investi- 
gated healthy donors and infertile patients as 
well. Overall, spermiogram changes are rather 
minor [1, 2]; in donor populations, the changes 
are often still within normal limits [3]. Table 16.1 
provides an overview. 

Apart from the standard spermiogram [3], 
subcellular markers of sperm quality have also 
been studied with regard to male aging; most 
importantly these included sperm DNA damage, 
apoptosis signaling, and oxidative stress. 

Nuclear sperm DNA damage is associated with 
failed oocyte fertilization, impaired preimplanta- 
tion development, and poor pregnancy outcomes, 
whether the insemination is natural or artificial [8]. 
Multiple large studies have evaluated sperm DNA 
fragmentation rates with respect to male aging [9]. 
In a group of 508 male partners of couples attend- 
ing infertility investigation, Vagnini et al. clearly 
demonstrated a significant increase in sperm 
DNA damage by TUNEL assay in men were 
older than 35 years of age [10]. Similarly, 
Wyrobek et al. reported a fivefold increase in the 
percentage of sperm DNA fragmentation in men 
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Table 16.1 Literature overview on age-related effect on standard spermiogram parameters 


Spermiogram parameter Age-related change Reference 


[4] 


Semen volume L 


Sperm concentration ef [1, 4, 6] 
Total sperm count el [1, 4, 6] 
Sperm motility en [1,7] 
Sperm morphology oll [4, 6, 7] 
Sperm vitality J [4] 


Comment 

Effect is more pronounced in studies adjusted for abstinence 
time [5] 

Slight but significant increase of sperm concentration in 
large study adjusted for abstinence time [1] 


In some studies, the age effect on sperm motility appears 

to be slightly more pronounced in infertile patients; other 
studies deny such an effect in infertile patients [6] 

Study results vary because of different staining protocols 

and reference values; however, the majority has observed 

degenerative changes in the germinal epithelium resulting 
in decreasing amounts of normal-shaped sperm 


Arrows indicate decrease (|), no change (<+), and increase (Î) of spermiogram parameters, respectively 


between 20 and 80 years of age, and Moskovtsev 
et al. set the threshold for significantly increased 
sperm DNA damage in a cohort of 1,125 men pre- 
senting for fertility evaluations at age 45 (15.2 % 
DNA fragmentation index in men <30 years vs. 
32.0 % in men >45 years) [11, 12]. However, the 
results may depend on the method used for the 
DNA fragmentation test [13]. 

Oxidative stress appears to be the most likely 
culprit for age-related increases in sperm DNA 
fragmentation. Small amounts of reactive oxygen 
species (ROS) are necessary for physiological 
processes, such as capacitation, hyperactivation, 
and acrosome reaction [14]. However, because of 
the high content of polyunsaturated fatty acids in 
their membranes, sperm are particularly suscep- 
tible to high oxidative stress levels. Seminal ROS 
levels are significantly elevated in men older than 
40 years [15]. Increased mitochondrial ROS pro- 
duction is associated with cell senescence and a 
causative factor of aging. Unfortunately, although 
demonstrated in principal [16], there is a lack of 
data on sperm mitochondrial ROS production 
with regard to male age. 

Activated sperm apoptosis signaling 
contributes significantly to male subfertility [17]. 
In 2010, a small study on 25 healthy volunteers 
with proven fertility ranging in age from 20 to 68 
years showed that advancing male age was associ- 
ated with increased plasma membrane transloca- 
tion of phosphatidylserine, as well as with higher 
DNA fragmentation rates [18]. These findings are 
supported by data from our own laboratory which 


proved stronger activation of apoptosis signaling 
with increasing male age [19]. 


Age-Related Effect on Reproductive 
Hormones 


Follicle-stimulating hormone (FSH) and inhibin 
B are important serum markers of spermatogene- 
sis. A recent investigation of a large unselected 
infertility patient group that included 2,448 men 
revealed a U-shaped dependence of FSH on age 
with an optimum at 20-40 years. The same result 
(inverse U-shaped dependence on age) was found 
for inhibin B and the inhibin B/FSH ratio (IFR). 
However, in men with normal spermiogram, there 
was only a slight increase of serum FSH and a 
slight decrease of serum inhibin B concentrations 
(p>0.05) in men older than 40 years [20]. The 
effects of age on reproductive hormones are rather 
mild but more prominent in infertility patients 
with altered spermiogram. The figure displays 
inhibin B serum levels in regard to age in an 
unselected population of 2,263 men seeking infer- 
tility treatment in our department (Fig. 16.1). 


Age-Related Effect on Testosterone 
and Sexual Function 


It is well known from several studies that tes- 
tosterone levels gradually decline during the 
male aging process [21]. Sexual dysfunction is 
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Fig. 16.1 Age-related inhibin B profile: change of inhibin B levels with age in a population of 2,263 non-selected 


consecutive andrological patients from our clinic 


associated with low testosterone levels, and it is 
also an important determinant of late-onset male 
hypogonadism [22]. 

Weight gain in particularly is associated with 
decreased testosterone levels in middle-aged and 
older Obesity-associated changes in 
hypothalamic-pituitary-testicular axis hormones 
are shown to be reversible following weight 
reduction. For this reason, weight management 
appears to be important in maintaining circulat- 
ing testosterone levels in aging men [23]. 

Although normal testosterone levels are 
required to regulate spermatogenesis, high tes- 


men. 


tosterone levels suppress spermatogenesis, which 
is only partially reversible. Testosterone replace- 
ment therapy may not be considered in men with 
milder cases of late-onset male hypogonadism 
who are still seeking to father a child. 


Population-Based Studies 
and Results from Assisted 
Reproduction Programs 


Numerous studies of natural conceiving couples 
have suggested an influence of paternal age on 


pregnancy rates. A data analysis of 8,515 fertile 
couples from the Avon Longitudinal Study of 
Pregnancy and Childhood (ALSPAC) revealed 
that the time to conception was significantly 
greater in men older than 40 years [5]. Similarly, 
Hassan et al. documented longer conception 
times in males older than 45 years in a cohort 
study of 2,112 consecutive pregnancies. Relative 
to men younger than 25 years, men older than 45 
years were 4.6 times more likely to have had a 
time to conception of greater than 1 year and 12.5 
times more likely to have had a time to pregnancy 
of more than 2 years [24]. The results of a smaller 
study of 782 couples underlined the negative 
impact of advanced paternal age on pregnancy 
rates but set the critical point of male age as early 
as 35 years [25]. 

Although all of the before-mentioned studies 
have been adjusted for maternal age, other female 
confounders, such as obesity, diabetes, etc., 
might have influenced the data. For this reason, 
the data from assisted reproduction procedures, 
particularly from oocyte donation programs, 
might provide more insight. 

As expected, the majority of studies from 
couples undergoing intrauterine insemination (IUI) 
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or in vitro fertilization (IVF)/intracytoplasmic 
(ICSD cycles with autologous oocytes (in total 
over 20,000 cycles) confirmed the data derived 
from couples with spontaneous conception. 
Pregnancy rates decreased with advanced pater- 
nal age. However, the threshold of age varied 
between 35 and 50 years [26-30]. Studies from 
IUI or IVF/ICSI cycles with autologous oocytes 
have shown different results. No influence of 
paternal age was detected in one study analyzing 
2,204 IUI cycles [31]. Spandorfer et al. analyzed 
398 couples undergoing ICSI in which the female 
partner was younger than 35 years; the authors 
reported that pregnancy outcomes were not influ- 
enced by the age of the male partner [32]. 
However, this cohort only included nine men 
younger than 40 years. Another case-control 
study of 1,024 couples in an ICSI setting did not 
observe any influence of paternal age in normo- 
zoospermic patients. In contrast, the same study 
found that for couples in which the men were 
oligozoospermic, the chance of pregnancy 
decreased by 5 % for each year of advanced 
paternal age [33]. 

Until now, there have been six studies on the 
effect of advanced paternal age in oocyte dona- 
tion programs with >5,000 cycles. Because 
donor oocytes are generally obtained from 
young healthy women, age and other maternal 
confounding factors are reduced to a minimum. 
Only one of the six studies, which included 
1,023 donor oocyte cycles, revealed a signifi- 
cantly decreased live birth rate of approxi- 
mately —15 % in men older than 50 years [34]. 
These findings are supported by a study that 
included 672 cycles and showed lower fertiliza- 
tion as well as implantation rates in men older 
than 60 years of age [35]. However, both stud- 
ies did not adjust for the oocyte recipient’s age. 
The other four studies of donor oocyte programs 
could not show any influence of the paternal age 
(31, 36, 37]. The most recent investigation 
included 1,083 couples and adjusted the data for 
the oocyte recipient’s age, but did not observe 
any effects from the advanced age of the male 
partner [38]. 
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Paternal Age: Effects 
in the Offspring? 


Paternal Age Effect Disorders 


Advanced paternal age has been linked with a 
higher risk for a small group of rare spontaneous 
congenital disorders, such as Apert syndrome, 
achondroplasia, thanatophoric dysplasia, and 
Costello syndrome—the so-called paternal age 
effect (PAE) disorders [39, 40]. Recent system- 
atic investigations of mutations in sperm and tes- 
tes in cases of the PAE disorders revealed that the 
PAE is mediated through the growth factor 
receptor-RAS signal transduction pathway. 
Although the tested PAE mutations rarely arise, 
they are positively selected and expand clonally 
in the normal testes of all men. This expansion 
leads to the relative enrichment of mutant sperm 
over time and could explain the observed PAE 
that is associated with these disorders. 

The regulation of RAS and other mediators of 
cellular proliferation and survival is important in 
many different biological contexts; for example, 
during tumorigenesis, organ homeostasis, and 
neurogenesis, the consequences of selfish muta- 
tions that hijack this process within the testes 
might extend far beyond congenital skeletal disor- 
ders to include complex diseases, such as neuro- 
cognitive disorders and cancer predisposition [41]. 
Although this hypothesis remains highly specula- 
tive, there are population-based data suggesting 
that common complex diseases might be more fre- 
quent in the progeny of older fathers. Examples 
described in the literature include schizophrenia 
[42], bipolar disorder [43], autism [44], and some 
cancers [45]. However, the association is not con- 
sistent and critically discussed [46-48]. 


Telomere Hypothesis 
We tend to assume that advanced paternal age 


has rather negative effects on fertility, but as the 
American Association of Physical Anthropologists 
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has stated: “Older dads have healthier kids than 
you think” [49]. 

With every round of cell division, the process 
of DNA synthesis fails to replicate a small 
amount of DNA at the chromosome end. 
Telomeres serve as disposable caps that protect 
the gene-rich DNA on the interior of the chromo- 
some from this end-replication problem. 
An insufficient number of telomere repeats leads 
to chromosome uncapping, cell senescence, and 
death. The length of telomeres is considered a 
highly heritable trait; it decreases with age and 
provides a surrogate marker for biological age 
[50]. Surprisingly, several large reports have 
described a positive correlation between paternal 
age at birth and leukocyte telomere length in the 
offspring [51, 52]. 


Conditions in the Aging Male 
Affecting Reproductive Function 


Several specific comorbidities in elderly men 
influence the reproductive function, most do so 
by affecting sexual function. 


Prostate: Benign Prostatic 
Hyperplasia and Prostate Cancer 


Benign prostatic hyperplasia (BPH) is common 
in older men, and epidemiological studies have 
confirmed an association with sexual dysfunc- 
tion. Moreover, current treatment includes alpha- 
blockers and 5-alpha reductase inhibitors, which 
cause the loss of libido, erectile dysfunction, and 
ejaculatory disorders [53]. 

Prostate cancer surgery frequently leads to 
sexual dysfunction. Treatment is difficult 
although oral phosphodiesterase-5 (PDE5) inhib- 
itors are routinely applied, particularly after 
nerve-sparing radical prostatectomy [54]. Some 
studies have shown the beneficial motility effects 
of sildenafil [55], but the side effects of PDE5S 
inhibitors are indicative of an acrosome reaction 
to sildenafil [56] and decreased sperm motility 


from tadalafil [57]. However, the fertilization 
rates in ICSI cycles were not influenced by varde- 
nafil treatment [58]. Published studies have 
shown that prostatic brachytherapy significantly 
damages spermatogenesis. Specific semen 
parameters, such as semen volume, total sperm 
concentration, and percent sperm motility, were 
significantly lower than the normal reference val- 
ues, and high DNA fragmentation (mean 46.4 %) 
rates occurred [59]. For this reason, semen analy- 
sis with sperm cryopreservation should be rou- 
tinely offered to men with prostate cancer before 
any therapy, particularly if there is a desire for 
parenthood. 


Hypertension and Atherosclerosis 


Hypertension and the resulting pelvic organ ath- 
erosclerosis directly impair sexual function [60]. 
Moreover, erectile dysfunction is a common side 
effect of antihypertensive drugs, such as thiazide 
diuretics, beta blockers, spironolactone, and 
angiotensin-converting enzyme inhibitors, but not 
loop diuretics [61]. Angiotensin II receptor type-1 
blockers are exceptions that may even improve 
sexual function in hypertensive men [62]. 

Apart from sexual function, antihypertensive 
treatment can also impair sperm function. There 
are several studies demonstrating that calcium 
channel blockers profoundly affect sperm fertil- 
izing abilities [63]. The effect is reversible. 
Nifedipine analogues are still discussed as poten- 
tial nonhormonal male contraceptives [64]. 
Hypertension itself also may alter sperm quality. 
A recent pilot study showed significant higher 
DNA fragmentation rates and clusterin immuno- 
labeling in 25 men with high blood pressure 
compared to controls [65]. 


Overweight and Diabetes 
On a subcellular level, the ejaculates of diabetic 


males contain significantly higher levels of sperm 
with disrupted transmembrane mitochondrial 
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potential, activated caspase-3, ROS, and 
fragmented DNA when compared to healthy, 
fertile donors. The effect is particularly pro- 
nounced in males with diabetes type-II, a group 
of patients with increased age and BMI. All mea- 
sured parameters (activated apoptosis signaling, 
oxidative stress, and DNA fragmentation) were 
inversely correlated with the sperm fertilizing 
potential, indicating a possible mechanism of 
subfertility in these patients [19]. Furthermore, 
significantly positive correlations between the 
spermatozoa exhibiting signs of apoptosis (e.g., 
sperm with disrupted transmembrane mitochon- 
drial potential and activated caspase-3) or between 
DNA fragmentations and the clinical parameters 
of age, abdominal girth, BMI, and HbA1c have 
been detected [66—68]. In addition to sperm qual- 
ity, overweight, diabetes, and metabolic syndrome 
appear to be strongly related to erectile dysfunc- 
tion as well as hypogonadism [60, 69]. 


Mental Diseases 


The frequency of depressive disorders rises with 
age. Selective serotonin reuptake inhibitors (SSRI) 
are the treatment of choice. They adversely affect 
orgasm, and escitalopram also significantly 
decreases sperm concentration, motility, and mor- 
phology when compared with the baseline semen 
measures [70]. The same result was found for the 
tricyclic antidepressant clomipramine [71]. 
Paroxetine induced abnormal sperm DNA frag- 
mentation without any measurable effect on 
semen parameters [72]. The fertility potential of a 
substantial number of men on antidepressants 
may be adversely affected by these changes. 


Discussion and Conclusion 
Key Points 


In contrast to the relatively abrupt hormonal 
changes that occur during female menopause, 
male reproductive function gradually declines 
during the aging process. Spermiogram changes 
appear to be rather mild; however, it might be 
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advantageous to check additional parameters, such 
as the DNA fragmentation rate, for age-related 
changes. PAE genetic disorders are limited to 
rare cases. The results of studies on the supposed 
higher frequency of mental disorders in the off- 
spring of older fathers have been inconsistent, but 
several diseases that negatively impact fertility 
and sexual function are frequently seen in aging 
males, including obesity, diabetes mellitus, 
hypertension, and prostate disorders. It is impor- 
tant to analyze co-medications and change them 
accordingly to avoid side effects on male fertility. 
Recently, studies have also shown the positive 
effects of late fatherhood (i.e., telomere length 
increases in the offspring, thereby potentially 
leading to a higher life expectancy in the next 
generation). 


Strengths and Limitations of This 
Chapter 


Guidelines for evaluating older potential fathers 
have not been developed, and few studies have 
evaluated the specific fertility treatment options 
in men at advanced ages. Moreover, it is difficult 
to advise couples on the magnitude of the poten- 
tial risk of abnormalities in the offspring of older 
men. There is some risk, but the age at which this 
risk develops is still poorly defined [73]. 

However, the absolute degree of increased risk 
appears to be small, and based on current knowl- 
edge, this chapter offers a variety of approaches 
to investigate the older father-to-be more specifi- 
cally (e.g., sperm DNA fragmentation, monitor 
ROS levels, apoptosis signaling, optimize co- 
medication, and counsel the couple with regard 
to the current scientific literature). 


5-Year View 


Future Directions for Research 

Because of the strong social trend of late child- 
birth in developed countries and the potential of 
assisted reproductive techniques to maintain 
female reproductive function (e.g., egg freezing), 
future research on age-related male fertility and 
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the effects in the offspring is urgently needed. 
Such research, including if and how age-related 
effects can be minimized, is currently under 
investigation. 

The clinical aspects of further research could 
include the development of specialized embryo 
testing for PAE disorders as an option in the ART 
setting. Another approach would be to expand 
the indications for sperm cryopreservation. 
Moreover, with regard to the intense discussion 
in the past, further studies are needed to clarify 
effects of advanced paternal age on mental health 
in the offspring (e.g., using larger sibling groups 
with long time intervals between their births). 

One example to minimize age-related effects 
on male fertility might be the treatment of ele- 
vated oxidative stress levels to reduce sperm 
DNA fragmentation levels. While the benefits of 
antioxidant supplementation are still under 
debate [74], better life choices during many years 
of delay may be one of the keys to fertility pres- 
ervation. A healthy lifestyle, including healthy 
food, sports, and avoidance of exposure to toxic 
pollutants, might protect male fertility [75]. 
Although this advice to patients improves their 
health and well-being, more studies are necessary 
to show the effects on reproductive functions. 
Another approach is to deplete sperm with high 
DNA fragmentation (e.g., using an electropho- 
retic approach) [76]. Sperm with activated apop- 
tosis signaling can be specifically depleted using 
Annexin V-based techniques, such as the MACS® 
GMP Annexin V kit (Miltenyi Biotec, Bergisch 
Gladbach, Germany), which enhances the preg- 
nancy rates in IVF/ICSI programs [77, 78]. This 
method must be tested to determine whether it 
also improves pregnancy rates in couples with 
older male partners. 
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Cimetidine, 233 
Clothing, 112, 114 
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Cobalamin (vitamin B12), 67-68 
Cocaine 
coca plant, 98 
human spermatozoa, 98 
hydrochloride, 98 
lifestyle factors, 202 
testicular function, 100 
Co-enzyme Q10 (CoQ10), 68 
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and hypospadias, 199-200 
Sertoli and Leydig cells, 109 
supra-scrotal position, 109 
testicular hyperthermia, 108 
TGCT, 203 
UDT, 200-201 
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DBCP. See 1,2-Dibromo-3-chloropropane (DBCP) 
DDT. See Dichlorodiphenyltrichloroethane (DDT) 
Delayed ejaculation, 146-147 
Delta-9-tetrahydrocannabinol (THC) 

CB1 receptor, 96 

endo-cannabinoids, 95 

lipid soluble compound, 94 
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DETP. See Diethylthiophosphate (DETP) 
Diapers, 114-115 
1,2-Dibromo-3-chloropropane (DBCP), 183-184 
Dichlorodiphenyltrichloroethane (DDT) 
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Dimethylphosphate (DMP), 184 
DMP. See Dimethylphosphate (DMP) 
DNA fragmentation 
blood pressure, 251 
fertility evaluations, 247—248 
oxidative stress, 248, 253 
paroxetine, 252 
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male infertility (see Male infertility) 
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EBV. See Epstein-Barr virus (EBV) 
Ecstasy, 94, 97 
ED. See Erectile dysfunction (ED) 
EDCs. See Endocrine disrupting chemicals (EDCs) 
Ejaculatory dysfunctions 
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premature ejaculation (PE), 146 
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Electromagnetic waves (EMWs) 
absorption process, 162 
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cellular stress, 163—164 
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thermal effects, 162 
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Emotional behavior 
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depression, anxiety and sleep disturbance, 142 
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self-esteem, 142-143 
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stigma, 143 
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definition, 193 


dose responses, 195 
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HPG axis, 194-195 
humans and wildlife, 195-196 
mechanisms and mode of action, 193-194 
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semen parameters, 56 
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training modalities, 54 
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sitting, 112-114 
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uranium, 214, 216 
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human sperm production 
cigarette smoking, 6 
factors, 6 
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male reproduction system, 7-9 
meta-analysis, 4 
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WHO guidelines, 7 
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Epididymitis, 131, 132 
Epididymo-orchitis, 131 
Eppin protein complex (EPC) proteins, 40, 42 
Epstein-Barr virus (EBV), 134 
Erectile dysfunction (ED) 
adipocytokines, 38 
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obesity-induced pathways, 38-39 
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psychological stress, 145 
psychosexual disorders, 144 
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renin-angiotensin system, 38 
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Erectile dysfunction (ED) (cont.) 
subconscious memory, 145 
and testicular temperature, 42 
Estrogen 
anti-androgenic activity, 197 
BPA, 198 
cytochrome p450 aromatase enzyme, 34 
environmental, 8—9 
LH secretion, 34 
pesticides, 181-182 
and spermatogenesis, 41, 42 
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heat (see Scrotal heat stress) 
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lifestyle, 196-197 
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Factors affecting testicular temperature, 118—121 
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Folic acid (vitamin B9), 68-69, 75, 76 
Follicle-stimulating hormone (FSH) 
cadmium, 186 
environmental estrogens, 9 
gonadal steroidogenesis, 231 
and inhibin B levels, 185, 248 
and LH (see Luteinizing hormone (LH)) 
nonsmokers, 27 
pituitary hormone, 218-219 
and testosterone production, 37 
FSH. See Follicle-stimulating hormone (FSH) 
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Genitourinary (GU) 
Chlamydia trachomatis, 132-133 
cryopreservation, | 
epididymo-orchitis, 132 
genetic factors, | 
genital ureaplasmas and mycoplasmas, 133 
inflammation and infections, 127 
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Mollicutes, 133-134 
Neisseria gonorrhoeae, 132 
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testicular cancer, 9 
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testosterone levels, 232 
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class and mechanism, 69 

data supporting use, 69 
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intramuscular administration, 69 

and polyenoic fatty acids, 85 
Glutathione peroxidases (GPX), 26 
Glutathione S-transferase (GST) M1 genotype, 88-89 
GnRH. See Gonadotropin-releasing hormone (GnRH) 
Golgi-phase spermatids, 23 
Gonadotoxic 

BTB, 163 

chemotherapeutic medications, 234—235 

methotrexate, 236 

sulfasalazine, 236 
Gonadotropin-releasing hormone (GnRH) 

anterior pituitary, 218 

antiandrogens, 229, 241 

antipsychotics, 240 

beta-endorphins, 152 

CRH, 152 

and exogenous dopamine, 51 

exogenous hormones, 229, 241 

gonadal steroidogenesis, 231 

hypothalamus, 34, 41, 49, 218 

marijuana, 95 

MDMA, 97 

pituitary gonadotrophs, 34 

serum testosterone, 51 

sperm parameters, 41 
GPX. See Glutathione peroxidases (GPX) 
GU. See Genitourinary (GU) 


H 
HAART. See Highly active antiretroviral therapy 
(HAART) 
Heat shock proteins (HSP), 107, 116 
Heavy metals 
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cadmium, 186-187 
creatine kinase (CK) enzyme, 186 
human population, 186 
lead, 187 
manganese, 188 
mercury, 187-188 
molybdenum, 188 
Herpes simplex virus (HSV), 130, 134-135 
Highly active antiretroviral therapy (HAART), 134, 135 
HIV. See Human immunodeficiency virus (HIV) 
Homeostatic effects 
cellular/molecular changes, 153 
description, 148-149 
hormonal changes, 150-152 
L-arginine—NO pathway, 149-150 
neurotransmitters, 152—153 
Hormones 
acute and chronic effects, 56 
androgens, 56 
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CNS, 150-151 
CRH, 152 
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FSH and inhibin B, 248, 249 
FT/TT, 51 
ghrelin, 37 
GnRH, 34 
gonadotrophin and prolactin, 152 
HPA and HPT axes, 151 
HPG axis, 34 
inhibin B levels, 37-38 
leptin, 34, 36-37 
LH, 34 
mechanisms and toxic compound, 26-27 
obesity, 249 
PRL and LH, 51 
qualitatively and quantitatively, spermatogenesis, 51 
reproductive hormones and semen quality, 51 
resistance exercise, 50 
resistin, 38 
SHBG, 56 
testosterone and estrogen, 34, 37, 152 
ultra-endurance exercise, 52-53, 56 
Hot baths, 116 
HPG axis. See Hypothalamic-—pituitary—gonadal 
(HPG) axis 
HPV. See Human papillomaviruses (HPV) 
Human immunodeficiency virus (HIV), 134 
Human papillomaviruses (HPV), 135 
Hypogonadism 
glucocorticoids, 232 
hypogonadotropic, 42, 50, 94, 241 
Leydig cell injury, 242 
overweight and diabetes, 252 
prevalence, opioids, 231, 232 
prolactin, 231 
testosterone, 229, 249 
Hypopituitarism, 242-243 
Hypothalamic-—pituitary—gonadal (HPG) axis 
AAS, 50 
epilepsy, 229 
estrogen, 41 
glucocorticoids, 232 
hormonal feedback relationships, 194 
methamphetamine and MDMA, 97 
prolactin, 194-195 
Sertoli cells, 194 
sex determination, 194 
SSRIs, 231 
testosterone, 49 
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IBD. See Inflammatory bowel disease (IBD) 
ICSI. See Intracytoplasmic sperm injection (ICSI) 
iGH. See Immunoreactive growth hormone (iGH) 
Immunoreactive growth hormone (iGH), 55-56 
Infertility. See Male infertility 

Inflammatory bowel disease (IBD) 
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antibiotics, 237 
calcium channel blockers, 237—238 
colchicine, 237 
description, 235-236 
infliximab, 236-237 
sulfasalazine and methotrexate, 236 
Infliximab, 236-237 
Intracytoplasmic sperm injection (ICSI), 63, 67, 220, 250 
Ionizing radiation (IR) 
artificial sources 
diagnosis and therapy, 213-214 
diet, 215-216 
environmental factors, 216 
occupational exposure, 215 
definition, 212 
dose and duration, 220 
hypothalamic-anterior pituitary-testicular axis, 
218-219 
molecular injury, 218 
natural sources 
cosmic rays, 212-214 
description, 212, 213 
environmental factors, 214 
OS, 216-217 
spermatogenesis, 217-218 
treatment, 219-220 
UMI prevalence, 211 
IR. See Ionizing radiation (IR) 


K 
Ketoconazole, 232 
Kisspeptin, 34, 37, 194 


L 
LAC. See L-Acetyl carnitine (LAC) 
L-Acetyl carnitine (LAC), 66-67 
Laptop computers 

nonthermal effects, 170 

portable computers, 169 

thermal effects, 169-170 
L-Arginine, 66, 76 
L-Arginine—NO pathway, 149-150 
L-Ascorbic acid, 72-73 
LC. See L-Carnitine (LC) 
L-Carnitine (LC), 66-67, 76 
Leptin 
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BBB, 34, 36 
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description, 34 
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kisspeptin, 37, 194 

Leydig cells, 34 

NPY, 37 

OS, 32 

receptors, 34 
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LH. See Luteinizing hormone (LH) 
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cycling, 116 male infertility, 201 
diagnosis and therapy, 213-214 prostate cancer, 203 
diet, 215-216 sperm count, 201—202 
environmental factors, 216 sperm morphology, 202 
hot baths, 116 sperm motility, 202 
industrial development, 211 systemic diseases and ejaculatory dysfunction, 204 
laptop usage, 116 TDS, 203 
obesity, 115 testicular cancer, 201 
occupational exposure, 215 UDT, 200-201 
sauna, 115-116 Male reproductive system 
Lipid peroxidation adipocytokines, 32 
alcohol abuse, 88 apoptosis, 168 
and ATP depletion, 150 chronic alcohol consumption, 154 
membrane injury and gonadal dysfunction, 85 EMW, 162 
ROS, 25, 61 environmental pollution and factors, 9 
Lower urinary tract symptoms (LUTS) estrogen hypothesis, 9 
alpha-blockers, 239 germ-cell differentiation, 8 
5-a reductase inhibitors, 238-239 histopathological changes, 168—169 
Luteinizing hormone (LH) IR, 217-221 
cocaine, 98 Leydig cells, 169 
and FSH, 34, 49, 50, 87 OS (see oxidative stress (OS)) 
interstitial cell stimulating hormone, 218 pituitary gland, 169 
Leydig cells, 53, 194 potential effects, 172 
marijuana, 231 radiation-induced oxidative stress, 216-217 
opiates, 234 semen quality (see Semen quality) 
opioids, 96 spermatogenesis, 7 
pituitary gland, 51 spermatozoa, 22 
and PRL, 51 sperm DNA damage, 167, 168 
and prolactin, 27, 34 steroidogenesis and testosterone secretion, 37 
spermatogenesis, 219 TDS, 8 
testosterone and estrogen, 34, 219 xenobiotics, 8 
LUTS. See Lower urinary tract symptoms (LUTS) Malnutrition, 9, 64 
Marijuana 
cannabinoids, 96 
M cannabis plant, 94 
Male accessory gland infection (MAGI), 131-132 CBN and CBD, 95 
Male fertility GnRH, 95 
aging, 247-253 hypo-androgenism, 233 
epidemiology and evidence, 1—11 recreational drug, 95 
nutrition, 63-74 seminal fluid leukocytes, 6 
physical exercise, 47-57 testes and germ cells, 96 
Male infertility testosterone, 233 
alcohol consumption, 83—90 THC, 94, 233 
BMI, 31-43 MBP. See Monobuty] phthalate (MBP) 
and cell phones, 164-169 MDMA. See 3, 4-Methylenedioxymethamphetamine 
drug abuse (MDMA) 
hormone replacement therapy, 101 Mechanism of heat stress, 106-108 
pre and common testicular, 94 Medications 
reproductive damage, 100 drug classes, 227-229 
sperm transport, 100 post-testicular, 238-241 
substance abuse, 94, 95 pre-testicular, 229-233 
EMWs (see Electromagnetic waves (EMWs)) testicular, 234-238 
laptop computers, 169-170 Mental diseases, 252 
microwaves, 170-171 Methamidophos, 184 
obesity, 31—43 Methamphetamine, 97-98 
and psychological stress (see Psychological stress) Methotrexate, 236 
smoking, 19-28 3, 4-Methylenedioxymethamphetamine (MDMA), 97-98 
Male reproductive health (MRH) Microwaves 


DNA damage, 202 antioxidant enzymes and histone kinase, 171 


Index 263 


cell cycle regulatory enzymes, 164 Neurotransmitters, 152-153 
description, 161, 172 Nicotine 
Leydig cells, 171 cigarettes and produce free radicals, 6 
SAR levels, 171 receptors, 20 
thermal and nonthermal effects, 170 and tar, 19-20 
Mild scrotal heating, 118 Non-monotonic dose response curves (NMDRCs), 195 
Modulating factors, psychological stress, 153-154 Nonylphenol (NP), 197-198 
Mollicutes, 133-134 NTP. See National Toxicology Program (NTP) 
Monobuty! phthalate (MBP), 185, 198, 202 Nutrition 
Morphology ALA, 75 
alcohol consumption, 86 antioxidant efficacy, 75-76 
altered semen characteristics, 131 cobalamin (vitamin B12), 67—68 
cell phone radiation exposure, 167 CoQ10, 68 
cigarette smoke, 20 deficiencies, 64 
fasalazine’s gonadotoxic effects, 236 diet and obesity, 63-64 
glutathione, 69 folic acid (vitamin B9), 68-69 
high temperature exposure, 108 glutathione, 69 
laptop Wi-Fi exposure, 170 LAC, 66-67 
LC and LAC, 66 L-arginine, 66 
NAC, 70 LC, 66-67 
newborns, 54 lycopene, 69-70 
OS, 63 malnutrition, 64 
selenium and Vitamin E, 72, 73 NAC, 70 
sperm axonemes, 21 pentoxifylline, 70-71 
sperm characteristics, 32 PUFAs, 71 
SSRIs, 231 RCTs, 64, 75 
TCAs, 231 selenium, 72 
urinary MBP levels and MBzP levels, 202 spermatozoa, 21 
vitamin A supplementation, 88 supplementation, 64—66 
vitamin C and E, 73 vitamin A and D, 75 
Motility vitamin C, 72-73 
BMI, 33 vitamin E, 73-74 
cell phone radiation exposure, 167 zinc, 74 
cobalamin (vitamin B12), 67 
CoQ10, 68 
DDT, 183 (0) 
glutathione, 69 Obesity 
HPV, 135 adipocytokines, 32 
L-arginine, 66 adipose tissue, 32 
LC and LAC, 66—67 definition, 31 
lifestyle, 115 and diet, 63—64 
MDMA, 97 fertility outcomes, 62 
mitochondrial energy, 133 hormonal abnormalities (see Hormones) 
NAC, 70 lifestyle modifications 
NO, 149, 150 aromatase inhibitors, 41—42 
pentoxifylline, 71 bariatric surgery, 41 
percentage, 6 environmental factors, 40 
PKC, 163 gastric bypass, 41 
selenium, 72 natural/surgical weight loss, 40—41 
sperm DNA integrity, 32 scrotal lipectomy, 41 
SSRI, 231 sperm parameters, 41 
vitamin C and E, 73-74 low testosterone level, 154 
MRH. See Male reproductive health (MRH) physical effects 
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N scrotal temperature, 39 
N-Acetyl cysteine (NAC), 70, 76 testicular temperature, 39 
National Toxicology Program (NTP), 195 and proteomics, 40 
Neisseria gonorrhoeae (NG), 132 ROS, 32 
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Obesity (cont.) 
scrotal lipomatosis, 115 
sperm parameters and reproductive potential 
BMI, 33-36 
characteristics, 32—33 
hip and waist circumference, 33 
overweight and obese men, 33 
testicular temperatures, 115 
Occupational exposure 
bakers, 117 
BPA, 198 
IR, 215 
lead, 187 
male reproduction system, 7—9 
Occupational risk factors 


ambient temperature and seasonality, 117-118 


bakers, 117 
ceramic oven operators, 117 
professional drivers, 117 
submariners, 117 
welders, 116 
Oligospermia 
and azoospermia, 20 
cimetidine, 233 
colchicine, 237 
lycopene, 70 
marijuana, 233 
NAC, 70 
opiates, 232 
and teratospermia, 148 
Opiates, 231-232 
Opioids 
intrathecal, oral and transdermal, 231 
LH, 96 
poppy plant, 96 
spermatozoa, 97 
testosterone, 231 
Organochlorine pesticides, 182-184 
Organophosphate pesticides, 184 
OS. See Oxidative stress (OS) 
Oxidative stress (OS) 
antioxidants and ROS species, 217 
biomarkers and DNA damage, 54-57 
cellular components, 216-217 
cigarette smoking, 22-23 
CoQ10, 68 
and DNA fragmentation, 164, 168 
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ROS and antioxidant defense mechanisms, 32 
spermatozoa, 164 
vitamins C and E, 167-168 


P 
PAE. See Paternal age effect (PAE) 


PAHs. See Polycyclic aromatic hydrocarbons (PAHs) 
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disorders, 250, 252, 253 
telomere hypothesis, 250-251 
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PCBs. See Polychlorinated biphenyls (PCBs) 
Penile erection, 145 
Pentoxifylline, 70-71, 76 
Persistent organic pollutants (POPs), 197 
Pesticides 
abamectin, 185-186 
antiandrogenic/estrogenic properties, 181—182 
non-persistent, 199 
organochlorine, 182-184 
organophosphate, 184, 199 
phthalates, 184—185 
TDS hypothesis, 182 
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uses, 198—199 
Phthalates 
DEHP and DBP, 185 
dust particles, vinyl tiles, 196 
metabolites, 198 
monobutyl, dose-response relationships, 185 
and PCBs, 185 
solvents, additives and plasticizers, 198 
urinary concentrations, 185 
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catabolic and oxidation events, 48 
description, 47 
endurance (see Endurance and ultra-endurance 
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GnRH, 49 
HPG axis, 49 
LH and FSH, 49 
muscle contraction, 48 
negative effects, 49 
parameters, 48—49 
positive effects, 55 
resistance (see Resistance exercise) 
strength training, 48 
training density and intensity, 49 
training load, 48 
PKC. See Protein kinase C (PKC) 
Polychlorinated biphenyls (PCBs) 
congeners and cadmium, 203 
and MBP, 185 
PCB-153 concentration, 183 
sealants and insulating agents, 197 
semen parameters, 183 
UDT, 200 
Polycyclic aromatic hydrocarbons (PAHs), 26-27 
Polyunsaturated fatty acids (PUFAs), 71, 218 
POPs. See Persistent organic pollutants (POPs) 
Post-testicular 
antidepressant-related sexual dysfunction, 240-241 
antihypertensives, 239-240 
antipsychotics, 240 
exogenous hormones, antiandrogens and GnRH 
agonists, 241 
LUTS, 238-239 
mechanisms, 228 
Pregnancy 
ART, 63 
CoQ10, 68 
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L-arginine, 66 

LC and LAC, 66 

methotrexate, 236 
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prolactin, 194 

rates, 75 
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Premature ejaculation (PE), 86, 146, 231 
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antiepileptics, 229 


exogenous hormones, antiandrogens and GnRH 


agonists, 229, 230 
glucocorticoids, 232 
miscellaneous drugs, endocrine disturbances, 
232-233 
opiates, 231-232 
psychotherapeutic agents, 229-231 
Professional drivers, 117 
Protein kinase C (PKC), 163, 166 
Proteomics, 40 
Psychological stress 
counseling and behavioral therapy, 155 
description, 141-142 
emotional behavior, 142-143 
homeostatic effects, 148—153 
manifestations, 142 
modulating factors, 153-154 
reproductive function, 143-148 
treatment, 154-155 
PUFAs. See Polyunsaturated fatty acids (PUFAs) 
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Radiation 
cell phones (see Cell phones) 
chemotherapy, 241 
EMWs (see Electromagnetic waves (EMWs)) 
germinal epithelium, 241-242 
hypopituitarism, 242-243 
IR (see Ionizing radiation (IR)) 
Leydig cells, 242 
microwaves, 170-171 
nonionizing, 169 
Reactive nitrogen species (RNS), 22-23 
Reactive oxygen species (ROS) 
cigarette smoking, 22-23 
CuZn-SODs, 26 
dietary supplementation, 62 
and DNA, 26 
endogenous and exogenous antioxidants, 62 
epididymal epithelium, 26 
GPX, 26 
interleukins (IL-6 and IL-8), 26 
leukocytes, 130 
obesity and BMI, 32 
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production, 61 
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scavengers, 26 
seminal plasma and spermatozoa, 61—62 
spermatozoa, 25-26 
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vitamins, minerals and fatty acids, 62 
Reproductive function 
anejaculation, 147 
ejaculatory dysfunctions, 145-147 
erectile dysfunctions, 145 
loss of libido, 145 
male sexual cycle, phases, 143-144 
oligospermia and teratospermia, 148 
psychosexual disorders, 144 
sperm parameters, 147—148 
Resistance exercise 
hormonal effects, 50 
iGH, 55-56 
muscle adaptation, 55 
seminological effects, 50 
steroids, 49 
testosterone, 55 
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Resistance training, 50, 55 
Retrograde ejaculation, 145, 146 
RNS. See Reactive nitrogen species (RNS) 
ROS. See Reactive oxygen species (ROS) 
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SA. See Semen analysis (SA) 
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Scrotal cooling, 118, 119 
Scrotal heat stress 
lifestyle, 115-116 
measurement, methods, 109-112 
mechanisms, germ cell apoptosis, 106—108 
risk factors, 112-115 
scrotal cooling, 118 
semen parameters, 108 
testicular thermoregulation, 105—106 
varicocele, 109 
Scrotal lipectomy, 41, 42 
Selective serotonin reuptake inhibitors (SSRIs) 
5-hydroxytryptamine (5-HT), 155 
prolactin levels, 231 
sexual dysfunctions, 154-155, 240-241 
Selenium, 72-75 
Semen 
alcohol consumption, 86 
BML, 34 
cell phone exposure, 168 
cryopreservation, 243 
DNA damage, 168 
EBV, 134 
folic acid, 68 
hormonal serum levels, 87 
leukocyte concentration, 6 
lycopene, 70 
pregnant women, 85 
SE, 56 
seasonal fluctuation, 6 
seminiferous tubules, 86 
sexual dysfunction, 86 
spermatogenesis and sperm output, 53 
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Semen (cont.) 
sperm count, 2 
testicular dysgenesis syndrome, 8 
toxic effects and hormonal disruption, 2 
zinc, 74 
Semen analysis (SA) 
cobalamin (vitamin B12), 67 
L-arginine, 66 
lycopene, 69-70 
selenium, 72 
sperm parameters, 108 
U. urealyticum, 133 
Semenogelin-1, 40, 42 
Semen quality. See also Semen 
cell phone radiation 
animal, 167 
human, 165-166 
diet and obesity, 63 
HIV infection, 134 
Semen quality decline, 181, 187 
Seminal plasma 
cadmium, 186 
CoQ10, 68 
infertile men, 96 
NO, 150 
proteins, 40 
and sex glands, 21—22 
and spermatozoa, 61, 149 
Sex glands, 21-22 
Sex-hormone-binding globulin (SHBG), 38, 40-42, 
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genitourinary, 132-134 
HIV, 134 
HPV, 135 
HSV, 134-135 
leukocytes, 130 
MAGI, 131-132 
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mechanisms, 127 
pathologic organisms, 128, 129 
spermatogenesis, 130 
spermatozoa, 128 
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SHBG. See Sex-hormone-binding globulin (SHBG) 
Sidestream smoke, 20 
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insulating effect, 113 
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Smoking. See Cigarette smoking 
SOD. See Superoxide dismutase (SOD) 
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heat stress (see Scrotal heat stress) 
hypothalamus, 218 
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medical therapy (see Medications) 
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ROS (see Reactive oxygen species (ROS)) 
Sertoli cells, 219 
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cocaine, 98 

creatine and steroids, 100 
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DNA fragmentation, 33 
dose-dependent effects, 86 
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nutrition and protection, 21 
OS, 22, 164 

ROS-induced damage, 25, 26 
and semen parameters, 85-87 
and seminal plasma, 61-62 
smokers, 21—22 

sophisticated biological process, 1 
sperm parameters, 147 
structure and proteins, 20-21 


Sperm count 


adult EDC, 201 

AGD, 201 

bilateral cryptorchidism, 200 
BMI measurements, 33 
cervical penetration, 67 
cyclosporine, 233 
epididymal, 171 

estrogen hypothesis, 9 
hormonal effects, 233 

HSV, 135 

hypothalamic pituitary axis, 8 
meta-analysis, 4 

motility, 118 
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seeking infertility, 3 
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testicular cancer, 10 

Sperm DNA fragmentation 
antioxidants, 168 
clastogenic effects, 164, 168 
histone kinase, 168 
and oxidative stress, 164 
ROS levels, 167 

Sperm quality 
chromosomal damage, 23 
creatine kinase, 171 
obesity, 42 


and testicular heat stress (see Scrotal heat stress) 


Spironolactone, 232, 239, 251 
SSRIs. See Selective serotonin reuptake 
inhibitors (SSRIs) 
Steroids 
AAS, 50 
and creatine, 99-100 
exogenous hormones, 229, 241 
receptor pathways, 199 
resistance exercise, 49 
StAR, 37 
STIs. See Sexually transmitted infections (STIs) 
Submariners, 117 
Sulfasalazine, 236 
Superoxide dismutase (SOD) 
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copper-zinc, 26 
CoQ10, 68 
PUFAs, 71 
and ROS, 22, 25 
Suppressor of cytokine signaling 3 (SOCS-3) 
pathway, 38, 42 


T 
TAC. See Total antioxidant capacity (TAC) 
Tar, 19-20 
TCAs. See Tricyclic antidepressants (TCAs) 
Telomere, 250-251 
Teratospermia, 132, 148, 232 
Testes 
AAS, 50 
bone marrow transplantation and malignant 
cells, 220 
cannabinoids, 96 
chronic ethanol administration, 85, 88 
creatine and steroids, 100 
germ cells, 220 
lycopene, 69 
methamphetamine and MDMA, 97 
opioids, 96-97 
PAE, 250 
recovery period, spermatogenesis, 220 


Sertoli cells, 9 
UDT, 200-201 

Testicular 
antibiotics, 237 
atrophy, 84, 85 
calcium channel blockers, 237—238 
chemotherapy, 234-235 
colchicine, 237 
IBD, 235-237 
lipid peroxidation, 85, 88 
mean testicular weight, 87 
membranes, 85 
polyenoic fatty acids and GSH, 88 
spermatogenesis, 87 
and testosterone, 90 
toxin and chronic, 88 

Testicular dysgenesis syndrome (TDS) 
foetal development, 203 
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LH secretion, 34 
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and steroidogenesis, 37 
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TGCT. See Testicular germ cell tumors (TGCT) 
THC. See Delta-9-tetrahydrocannabinol (THC) 
TNF-a. See Tumor necrosis factor alpha (TNF-a) 
Tobacco 

chewing (smokeless), 23—24 

prenatal tobacco exposure, 24 

smoking, 20 
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Toxicity 
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Toxicity (cont.) 
heavy metals (see Heavy metals) 
mitochondrial, 134 
thermal, 169-170 
Training intensity, 49 
Training load, 48, 51, 54 
Training volume, 49-51, 53, 54 
Treatment 
cancer, 220 
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radiation (see Radiation) 
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Tricyclic antidepressants (TCAs), 229, 231, 240 
Tumor necrosis factor alpha (TNF-a) 
and IL-6, 32 
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UDT. See Undescended testes (UDT) 
UMI. See Unexplained male infertility (UMD 
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Unexplained male infertility (UMD, 161, 173, 211 
Ureaplasma, 130, 133 
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131, 132 
Urethritis, 130-131 
USD. See Urethral stricture 

disease (USD) 
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Varicoceles 
cigarette smoking, 23 
scrotal temperature, 109 
Vitamins 
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vitamin A, 75 
vitamin C, 72-73 
vitamin D, 75 
vitamin E, 73-74 


W 
Waist-to-hip ratio (WHR), 32 
Welders, 16 
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